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Abstract 
The western ringtail possum, Pseudocheirus occidentalis, is classified as threatened, 
both nationally and internationally. Land clearing for building development threatens 
the last major coastal population stronghold in and around the town of Busselton in 
the south-west of Western Australia (WA). Translocation of displaced P. occidentalis 
from  this  locality  into  nearby  conservation  estates  commenced  in  1991,  in  the 
presence of fox control, with the aim of re-establishing populations of the species 
within suitable habitat outside its current range. Initial successes (1991-1998) were 
followed by a major population decline at one site for unclear reasons. The aim of this 
project  was  to  determine  which  factors  presently  limit  translocation  success  for 
P. occidentalis and thereby provide direction for future management of the species.  
Displaced and rehabilitated P. occidentalis were translocated into three sites, two of 
which were baited for fox control. Survival was monitored weekly, causes of mortality 
were  ascertained  and  attributes  of  habitat  use  were  mapped  and  analysed.  Each 
individual  P. occidentalis  underwent  comprehensive  health  and  disease  screening 
under isoflurane anaesthesia prior to translocation and whenever recaptured for re-
collaring. Health, survivorship and habitat use of resident common brushtail possums, 
Trichosurus vulpecula, were similarly studied at each site. Pilot spotlight surveys using 
line transect methods were performed at the end of the study to provide provisional 
data on population densities.  
Health  screening  revealed  no  evidence  that  infectious  disease  currently  limits 
translocation success for P. occidentalis. Possums of both species were negative for 
toxoplasmosis, leptospirosis, salmonellosis and chlamydiosis. Cryptococcal antigen was 
detected  in  one  individual  T. vulpecula  but  was  not  of  pathological  significance. 
Endoparasite  levels  were  negatively  correlated  with  body  condition.  Differences 
between pre- and post-translocation haematological values were found, suggesting 
that habitat quality or nutrient intake were lower at the translocation sites than at the 
sites of origin.   
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Mortality rates of translocated P. occidentalis were high. The majority of P. occidentalis 
deaths  were  attributed  to  predation,  with  foxes,  cats,  pythons  and  raptors  all 
implicated.  Some  P. occidentalis  died  in  poor  body  condition  from  apparent 
hypothermia/hypoglycaemia,  with  moderate  to  heavy  parasite  burdens  present  at 
necropsy. Most T. vulpecula mortality was attributable to fox predation. Survivorship 
analyses were carried out using information-theoretic techniques to investigate which, 
if any, of a suite of hypothesised factors most influenced post-translocation survival of 
P. occidentalis. The most highly ranked models were those that included pre-release 
white blood cell counts and/or numbers of T. vulpecula at the release site. Survivorship 
of P. occidentalis was negatively correlated with each of these factors, and the two 
together  acted  in  a  synergistic  fashion.  Effects  of  fox  control  on  P. occidentalis 
survivorship  were  equivocal.  The  average  annual  survival  rate  of  established 
P. occidentalis was less than half that of resident T. vulpecula.  
Post-translocation dispersal distances varied among individual P. occidentalis. Mean 
home range sizes of translocated P. occidentalis were larger than those reported for 
other  coastal  populations.  Individual  home  ranges  overlapped  one  another,  both 
within and between possum species. Vegetation dominated by peppermint (Agonis 
flexuosa)  was  utilised  by  translocated  P. occidentalis  where  available,  and  habitat 
partitioning between the two possum species was observed in some areas. A greater 
range  of  diurnal  rest  site  types  were  utilised  by  P. occidentalis  than  T. vulpecula. 
Spotlight  surveys  revealed  presence  of  low  density  P. occidentalis  populations, 
including juveniles, at two sites but numbers remained negligible in the site at which 
the post-1998 decline had occurred.  
Complex  interactions  involving  health,  predation,  habitat  quality  and  inter-specific 
competition influence the success or otherwise of wildlife translocation programs. The 
results of this project suggest that all these factors, particularly predation, affected 
translocation  outcomes  for  P. occidentalis  during  the  period  of  study.  Complete 
exclusion  of  exotic  predators  (foxes  and  cats)  from  the  translocation  sites  may  be 
necessary in future, especially given the numbers of native predators (pythons and 
raptors)  present.  In  addition  to  heavy  predation  pressure,  the  small  size  and 
apparently low carrying capacity of the translocation sites for P. occidentalis, along  
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with high numbers of resident T. vulpecula, currently appears to limit P. occidentalis 
survival and population growth.  
While, in the short term, the most efficient use of funds and the best option for the 
species in its current coastal strongholds might be to put greater effort into conserving 
P. occidentalis in its natural environment, there could also be value in carrying out 
further  experiments  to  determine  whether  or  not  translocation  success  can  be 
improved through use of particular management actions. The principles of adaptive 
management apply both to management of P. occidentalis in its natural environment 
and to conduction of translocation programs. Possible experimental approaches are 
outlined and recommendations for further research proposed. 
   
  xi 
Acknowledgements 
This  project  would  have  not  been  possible  without  the  help,  support  and 
encouragement  of  many  people.  Firstly,  I  would  like  to thank  my  supervisors,  Kris 
Warren, Ian Robertson and Mike Calver of Murdoch University and Paul de Tores from 
the  Western  Australian  Department  of  Environment  and  Conservation  (DEC)  for 
initiating the project and guiding me through the field work and the writing stages. I 
have appreciated their patience, expertise and encouragement and am most grateful 
for the many hours they have spent reading through and commenting on drafts of my 
manuscript. I have learnt useful clinical, field and analytical skills from Kris and Paul in 
particular, which will stand me in good stead for my future career. In addition, I thank 
Murdoch University, DEC and the Australian Research Council for financial support, 
without which this project could not have gone ahead.  
Secondly I would like to thank all the staff of the Veterinary Pathology, Veterinary 
Clinical Pathology and Veterinary Parasitology departments at Murdoch University for 
performing  several  possum  necropsies  and  for  carrying  out  the  majority  of  the 
haematological,  biochemical,  urinary,  microbiological  and  parasitological  laboratory 
analyses. Without their contributions the whole project would not have been feasible. 
I am also grateful to Pat Statham (Tasmanian DPIPWE Animal Health Laboratory), Lee 
Smythe  (WHO/FAO/OIE  Collaborating  Centre  for  Reference  and  Research  on 
Leptospirosis  at  Queensland  Health  Scientific  Services),  Mark  Krockenberger  (Koala 
Infectious  Diseases  Research  Group  in  the  Faculty  of  Veterinary  Science  at  the 
University of Sydney) and Peter Timms (Institute of Health & Biomedical Innovation, 
QLD  University  of  Technology)  for  analysing  samples  for  T.  gondii,  Leptospira, 
Cryptococcus  and  Chlamydiales  detection,  respectively.  Helen  Grimm  provided 
haematological  and  serum  biochemical  data  from  P. occidentalis  at  Ludlow  and 
Gelorup for inclusion in reference ranges calculations. I am grateful for this and also for 
her cheerful and stimulating friendship over the last four years.  
Volunteer assistance was necessary for various aspects of the fieldwork, particularly 
darting and capture of P. occidentalis and spotlight surveys, neither of which could be 
carried out single-handedly. Assistance with nocturnal radio-tracking, health screening  
  xii 
of both species, and capture of T. vulpecula was also valuable and much appreciated. I 
am indebted to the many volunteers who generously donated their time, travelled and 
fed themselves at their own expense and were good company, as well as contributing 
to the outcome of this work. I am particularly grateful to Sophie Arnal, Carlene Smith 
and Uta Wicke who donated a great deal of time to helping me with the work – Sophie 
for her cheerful assistance night after night during spotlight surveys and monitoring; 
Carlene who was always ready to cheerfully accompany me as we bashed through the 
scrub  at  night  radio-tracking  possums;  and  Uta  for  many  stimulating  and  often 
challenging discussions, as well as invaluable assistance proof-reading my thesis. I am 
also grateful to Anna Nowicki for trapping so many of the brushtail possums used in 
this study, as well as for her help with health screening, radio-collaring and naming 
them. In addition, my friend Ruth Painter came all the way over from Hobart to help 
me in the field for an enjoyable fortnight. To all the other volunteers involved in the 
project – Ana-Lena Beimesche, Marnie Swinburn, Jazmine Hugo, Lynley Boyle, Freya 
White, Dave Cook, Halina Burmej, Dave Barker, Jessie-Leigh Brown, Kate Hicks, Jason 
Rakic,  Christine  Kimmorley,  Carrianne  Graham,  Tegan  May,  Tina  Bowers,  Colin 
Shephard,  members  of  the  DEC  Graduate  Recruit  Program  and  all  the  others 
mentioned elsewhere in these acknowledgements – I am most grateful for your help 
and interest in the work. Altogether over 1000 hours of volunteer time were clocked 
up in the field during this project.  
I would like to thank my friends and colleagues for their support and help over the past 
four years. My fellow PhD students and other research scientists have shared similar 
angsts and have been cheerful collaborators (Helen Grimm, Gillian Bryant, Jen Cruz, 
Duncan Sutherland, Al Glen, Tracey Moore, Carlo Pacino and Sabrina Trocini); and the 
members of the Dwellingup research team have been good company (Rob Hill, Sean 
Garretson,  Lauren  Strümpher,  Jen  Jackson,  Wes  Manson  and  Judy  Dunlop).  My 
partner’s family, the Heaths (Maisie, Mike, Trish, Rick, Brian, Steve and Leaf), as well as 
my parents (Jane and Mike) and my brother (Peter), have helped in the field at times 
and provided much needed encouragement, friendship and many meals! For all of this 
I am most grateful. My friends in Hobart have always been there for chats on the 
phone and have provided accommodation and fun times when I’ve managed to visit.   
  xiii 
Most of all I am deeply grateful to my partner, Chris Heath, for his unfailing support, 
generosity and encouragement throughout all the ups and downs of my studentship, 
without which I might not have lasted the distance. He cheerfully put up with all the 
weeks and months spent apart, helped me in the field on many an occasion, and has 
remained my closest friend. Thank you Chris.  
  
  xv 
Table of Contents 
ABSTRACT  ...................................................................................................................... vii 
ACKNOWLEDGEMENTS  ............................................................................................... xi 
TABLE OF CONTENTS .................................................................................................  xv 
LIST OF TABLES  .........................................................................................................  xxiii 
LIST OF FIGURES .......................................................................................................  xxix 
CHAPTER 1:  GENERAL INTRODUCTION AND LITERATURE REVIEW .............. 1 
1.1 MAMMAL DECLINES IN AUSTRALIA ................................................................. 2 
1.1.1 Historic and current causes of decline ........................................................ 2 
1.1.2 Predation by exotic carnivore species ......................................................... 4 
1.2 TRANSLOCATION AS A MANAGEMENT STRATEGY ........................................... 11 
1.2.1 Principles, application and criteria for success ......................................... 11 
1.2.2 Conditions for success and causes of failure ............................................. 15 
1.2.3 Western Shield Translocations in WA ....................................................... 23 
1.3 DISEASE AND ENDANGERED POPULATIONS ................................................... 24 
1.3.1 Extinction risks for small populations ........................................................ 24 
1.3.2 Disease and extinction risk ........................................................................ 26 
1.3.3 Marsupial health and disease .................................................................... 33 
a) Toxoplasmosis ........................................................................................................... 35 
b) Leptospirosis .............................................................................................................. 39 
c) Cryptococcosis  ............................................................................................................ 41 
d) Chlamydiosis .............................................................................................................. 43 
e) Other diseases and parasites of possums .............................................................. 46 
f) Haematology and serum biochemistry ................................................................... 48 
1.4 BIOLOGY AND ECOLOGY OF POSSUMS IN SOUTH-WEST WA  ............................ 50 
1.4.1 Distribution ................................................................................................ 50 
1.4.2 Habitat use ................................................................................................. 50  
  xvi 
1.4.3 Physiology and breeding biology ............................................................... 54 
1.4.4 Conservation status ................................................................................... 58 
1.5 THE CURRENT PROJECT .............................................................................. 60 
1.5.1 Context – Previous P. occidentalis translocations ..................................... 60 
1.5.2 Aims ........................................................................................................... 64 
1.5.3 Chapter structure ...................................................................................... 65 
CHAPTER 2: STUDY SITES AND METHODS ........................................................... 67 
2.1 STUDY DESIGN ........................................................................................... 67 
2.1.1 Overview .................................................................................................... 67 
2.1.2 Field Sites ................................................................................................... 67 
a) Leschenault Peninsula .............................................................................................. 69 
b) Yalgorup National Park ............................................................................................ 70 
2.1.3 Field stations .............................................................................................. 74 
2.1.4 Fox-baiting protocols ................................................................................. 75 
2.1.5 Study Animals ............................................................................................ 75 
2.1.6 Animal ethics permits and associated licences ......................................... 79 
2.2 FIELD METHODS ......................................................................................... 80 
2.2.1 Capture methods and locations ................................................................ 80 
a) Capture of P. occidentalis ........................................................................................ 80 
b) Dart construction and assembly ............................................................................. 82 
c) Capture of T. vulpecula ............................................................................................. 83 
2.2.2 Anaesthesia of P. occidentalis and T. vulpecula ........................................ 85 
2.2.3 Health screening of P. occidentalis and T. vulpecula ................................ 86 
a) Physical examination ............................................................................................... 86 
b) Body measurements ................................................................................................ 87 
c) Marking of individuals .............................................................................................. 87 
d) Sample collection ...................................................................................................... 88 
e) Sample analysis ......................................................................................................... 90 
f) Post mortem and death scene investigations ........................................................ 95 
2.2.4 Radio-collaring of P. occidentalis and T. vulpecula ................................... 97 
2.2.5 Methods and locations of release of P. occidentalis and T. vulpecula .... 100  
  xvii 
2.2.6 Radiotelemetry of collared P. occidentalis and T. vulpecula ................... 102 
a) Survivorship monitoring .........................................................................................  102 
b) Radio tracking to determine home range and habitat use ................................  103 
2.2.7 Habitat variables recorded ...................................................................... 106 
2.2.8 Spotlighting methodology ....................................................................... 109 
2.3 ANALYTICAL METHODOLOGY – BRIEF OVERVIEW ......................................... 110 
2.3.1 Database .................................................................................................. 110 
2.3.2 Approaches to data analysis: information-theoretic methods vs. classical statistics 111 
2.3.3 Health data analytical methods ............................................................... 115 
2.3.4 Use of Program MARK for survivorship analysis ..................................... 116 
2.3.5 Distance sampling methodology ............................................................. 117 
2.3.6 Use of Ranges6
©, LocateIII
© and ArcGIS
© for home range analysis  ........ 118 
CHAPTER 3:  HEALTH SCREENING AND DISEASE STATUS OF POSSUMS  ...  121 
3.1 INTRODUCTION ......................................................................................... 121 
3.1.1 Aims ......................................................................................................... 121 
3.2 METHODS ................................................................................................ 122 
3.2.1 Study animals, sample collection and sample analysis ........................... 122 
3.2.2 Statistical analyses ................................................................................... 124 
3.3 RESULTS ................................................................................................. 127 
3.3.1 Haematology and biochemistry............................................................... 127 
a) Outlying data ...........................................................................................................  127 
b) Pseudocheirus occidentalis reference ranges ......................................................  130 
c) Differences between P. occidentalis and T. vulpecula .........................................  137 
d) Pre- versus post-translocation P. occidentalis data .............................................  140 
3.3.2 Infectious diseases ................................................................................... 142 
a) Toxoplasmosis .........................................................................................................  142 
b) Leptospirosis ............................................................................................................  143 
c) Cryptococcosis  ..........................................................................................................  143 
d) Chlamydiosis ............................................................................................................  144 
3.3.3 Urinalysis  .................................................................................................. 144  
  xviii 
3.3.4 Microbiology ............................................................................................ 145 
3.3.5 Parasites................................................................................................... 146 
a) Microfilariae ............................................................................................................ 146 
b) Gastro-intestinal parasites .................................................................................... 147 
c) Ectoparasites ........................................................................................................... 148 
3.3.6 Necropsied possums ................................................................................ 149 
3.3.7 Body condition ......................................................................................... 150 
3.3.8 Fecundity ................................................................................................. 153 
3.4 DISCUSSION  ............................................................................................. 155 
3.4.1 Haematology and biochemistry .............................................................. 155 
a) Outliers ..................................................................................................................... 155 
b) Reference ranges .................................................................................................... 156 
c) Species differences .................................................................................................. 159 
d) Site differences ........................................................................................................ 159 
e) Pre- vs. post-translocation differences ................................................................. 160 
3.4.2 Infectious diseases and pathogens  .......................................................... 161 
a) Infectious diseases .................................................................................................. 161 
b) Urinalysis and microbiology .................................................................................. 164 
c) Parasites ................................................................................................................... 165 
3.4.3 Body condition, health and survival ........................................................ 167 
3.4.4 Fecundity ................................................................................................. 168 
3.4.5 Health and translocation – summary ...................................................... 170 
CHAPTER 4:  CAUSES OF MORTALITY ................................................................. 171 
4.1 INTRODUCTION ......................................................................................... 171 
4.1.1 Aims ......................................................................................................... 172 
4.2 METHODS ................................................................................................ 173 
4.2.1 Field methods .......................................................................................... 173 
4.2.2 Statistical analyses ................................................................................... 174 
4.3 RESULTS ................................................................................................. 175 
4.3.1 Overview .................................................................................................. 175  
  xix 
4.3.2 Deaths due to predation/scavenging ...................................................... 176 
4.3.3 Other causes of death ............................................................................. 183 
4.4 DISCUSSION ............................................................................................. 186 
4.4.1 Comparison between P. occidentalis and T. vulpecula ........................... 186 
4.4.2 Predator identity...................................................................................... 187 
4.4.3 Predisposing factors ................................................................................ 188 
4.4.4 Significance of results .............................................................................. 191 
CHAPTER 5:  SURVIVORSHIP ANALYSES ............................................................  197 
5.1 INTRODUCTION ......................................................................................... 197 
5.1.1 Aims ......................................................................................................... 197 
5.2 METHODS ................................................................................................ 198 
5.2.1 A priori hypotheses .................................................................................. 199 
5.2.2 Variables incorporated into survivorship analyses ................................. 203 
5.2.3 Assumptions ............................................................................................ 206 
5.2.4 Data structure .......................................................................................... 207 
1: Factors influencing survivorship of translocated P. occidentalis ........................  207 
2: Initial survivorship of P. occidentalis, and summer versus winter translocation . 208 
3: Survivorship of established P. occidentalis compared with resident T. vulpecula208 
5.2.5 Candidate models and modelling approach ............................................ 209 
1: Factors influencing survivorship of translocated P. occidentalis ........................  209 
2: Summer versus winter translocation, and initial survivorship of P. occidentalis . 215 
3: Survivorship of established P. occidentalis compared with resident T. vulpecula217 
5.2.6 Model averaging ...................................................................................... 219 
5.3 RESULTS ................................................................................................. 221 
5.3.1 Factors influencing survivorship of translocated P. occidentalis ............ 221 
a) Model ranking .........................................................................................................  221 
b) Model averaging .....................................................................................................  224 
c) Post-hoc analysis – investigation of WBC effect ..................................................  228 
5.3.2 Summer versus winter translocation and initial survival of P. occidentalis ........ 230 
a) Model ranking .........................................................................................................  230  
  xx 
b) Model averaging .................................................................................................... 231 
5.3.3 Survivorship of established P. occidentalis compared with resident T. vulpecula . 231 
a) Model ranking ......................................................................................................... 231 
b) Model averaging .................................................................................................... 234 
5.4 DISCUSSION  ............................................................................................. 236 
5.4.1 Survivorship of translocated P. occidentalis ............................................ 236 
5.4.2 Initial survival, and summer versus winter translocation ....................... 242 
5.4.3 Survivorship of established P. occidentalis and T. vulpecula .................. 243 
CHAPTER 6:  HOME RANGE AND HABITAT USE ................................................ 245 
6.1 INTRODUCTION ......................................................................................... 245 
6.1.1 Aims ......................................................................................................... 246 
6.2 METHODS ................................................................................................ 247 
6.2.1 Data Collection ........................................................................................ 247 
6.2.2 Assessment of GPS accuracy and precision  ............................................. 248 
6.2.3 Triangulation ............................................................................................ 249 
6.2.4 Choice of home range estimator ............................................................. 251 
6.2.5 Delimitation of vegetation strata ............................................................ 257 
6.2.6 Statistical analyses ................................................................................... 259 
6.3 RESULTS ................................................................................................. 259 
6.3.1 Dispersal patterns of translocated P. occidentalis .................................. 259 
6.3.2 Home ranges in relation to vegetation strata ......................................... 261 
6.3.3 Factors affecting home range size ........................................................... 267 
6.3.4 Range overlaps between individuals and species ................................... 275 
6.3.5 Post-establishment range changes ......................................................... 281 
6.3.6 Rest site use and foraging behaviour ...................................................... 283 
6.4 DISCUSSION  ............................................................................................. 289 
6.4.1 Sampling strategy .................................................................................... 289 
6.4.2 Post-translocation dispersal .................................................................... 294 
6.4.3 Home range size and habitat use ............................................................ 298 
6.4.4 Rest site use and feeding preferences .................................................... 303  
  xxi 
CHAPTER 7:  POPULATION DENSITY ESTIMATION  ............................................  309 
7.1 INTRODUCTION ......................................................................................... 309 
7.2 METHODS ................................................................................................ 311 
7.2.1 Field methods .......................................................................................... 311 
7.2.2 Analytical methods .................................................................................. 312 
a) Data structure .........................................................................................................  313 
b) Data exploration .....................................................................................................  313 
c) Model selection ........................................................................................................  315 
7.3 RESULTS ................................................................................................. 316 
7.3.1 Both possum species pooled ................................................................... 316 
7.3.2 Pseudocheirus occidentalis ...................................................................... 318 
7.3.3 Trichosurus vulpecula .............................................................................. 323 
7.4 DISCUSSION ............................................................................................. 328 
7.4.1 Reliability of estimation ........................................................................... 328 
7.4.2 Possum population sizes and trends ....................................................... 330 
a) Pseudocheirus occidentalis ....................................................................................  330 
b) Trichosurus vulpecula .............................................................................................  335 
7.4.3 Transect length requirements ................................................................. 339 
7.4.4 Population monitoring and future recommendations ............................ 341 
CHAPTER 8:  GENERAL DISCUSSION AND SYNTHESIS ...................................  345 
8.1 TRANSLOCATION OUTCOMES FOR P. OCCIDENTALIS .................................... 345 
8.1.1 Health and disease status ........................................................................ 345 
a) Infectious diseases ..................................................................................................  345 
b) Parasites and stress ................................................................................................  346 
c) Haematology and habitat quality .........................................................................  347 
8.1.2 Causes of mortality .................................................................................. 348 
a) Predation and the hypothesis of mesopredator release ....................................  348 
b) Contributory factors ................................................................................................  349 
8.1.3 Survivorship ............................................................................................. 351  
  xxii 
a) Predator naïveté, competition and health  ........................................................... 352 
b) Site differences and environmental effects  .......................................................... 357 
8.1.4 Habitat use  ............................................................................................... 358 
a) Dispersal of P. occidentalis and habitat quality  ................................................... 358 
b) Habitat partitioning between P. occidentalis and T. vulpecula ......................... 359 
c) Rest site use and availability .................................................................................. 361 
8.1.5 Population densities ................................................................................ 362 
a) Pseudocheirus occidentalis population persistence ............................................ 362 
b) Predation and carrying capacity ........................................................................... 363 
8.2 MANAGEMENT IMPLICATIONS  ..................................................................... 364 
8.2.1 Is translocation viable and, if so, under what conditions? ...................... 364 
8.2.2 Deficiencies of this project ...................................................................... 368 
8.2.3 Alternatives to translocation ................................................................... 370 
8.3 RECOMMENDATIONS FOR FURTHER RESEARCH ........................................... 374 
8.3.1 Adaptive management and experimental approaches to translocation..... 374 
8.3.2 Other recommendations ......................................................................... 379 
APPENDIX 1 ................................................................................................... 383 
APPENDIX 2 ................................................................................................... 391 
APPENDIX 3 ................................................................................................... 396 
REFERENCES .............................................................................................................. 403 
  
  xxiii 
List of Tables 
Table  1.1  Some  published  examples  of  translocation  failures  and  others  in 
which persisting population sizes were low ……………………………………………………………….17 
Table  1.2  Some  published  examples  of  successful  translocations  within 
Australia ……………………………………………………………………………………………………………………18 
Table 1.3 Some documented reports of diseases that have been introduced 
into naïve populations by translocation of infected animals from elsewhere …………….30 
Table 1.4 Some documented reports of infection of translocated animals with 
diseases endemic in the environments into which they were translocated ……………….31 
Table 1.5 Numbers of P. occidentalis translocated to each site during the two 
periods 1991 to 2001 and 2004 to January 2006 ……………………………………………………….62 
Table 2.1 Numbers of P. occidentalis by source translocated to each field site ………….77 
Table 2.2 Numbers of possums of each species collared and monitored at each 
field site …………………………………………………………………………………………………………………….77 
Table 2.3 Numbers of possums of each species health-screened at each field 
site …………………………………………………………………………………………………………………………….77 
Table 2.4 Numbers of P. occidentalis of each age translocated to each field site……….78 
Table 2.5 Numbers of P. occidentalis of each sex translocated to each field site ……….78 
Table  2.6  Numbers  of  P. occidentalis  re-captured  for  re-collaring  and  post-
translocation health screening at each site………………………………………………………………..79 
Table  2.7  Numbers  of  T. vulpecula  health-screened  at  each  site  on  each 
occasion …………………………………………………………………………………………………………………….79 
Table 2.8 Description of body measurements ……………………………………………………………87 
Table 2.9 Samples collected during health screening and tests carried out ……………….89 
Table 2.10 Haematological parameters measured from whole blood in EDTA …………..91 
Table 2.11 Serum biochemistry parameters measured ……………………………………………..92 
Table 2.12 Urinalysis parameters measured ……………………………………………………………..93 
Table 2.13 Leptospira serovars tested for ………………………………………………………………….94 
Table 2.14 Variables recorded during diurnal and nocturnal radio-tracking of 
possums ………………………………………………………………………………………………………………….107  
  xxiv 
Table 3.1 Outlying data and other abnormalities in the samples removed from 
the haematological and serum biochemical analyses ………………………………………………128 
Table 3.2 Haematological and serum biochemical reference ranges for clinically 
healthy wild P. occidentalis weighing >600g…………………………………………………………….131 
Table 3.3 Summary statistics for haematological and biochemical parameters 
of clinically normal captive P. occidentalis weighing >600g………………………………….....133 
Table 3.4 Summary statistics for haematological and biochemical parameters 
of P. occidentalis for which AICc and Wald tests showed a) sex and lactation 
differences, b) age differences and c) sex differences ……………………………………………..134 
Table 3.5 Model details for dependent variables affected by sex, age and/or 
lactation status of P. occidentalis …………………………………………………………………………….135 
Table 3.6 Summary statistics for variables of P. occidentalis for which field site 
differences were identified ……………………………………………………………………………………..136 
Table  3.7  Summary  statistics  for  haematological  and  serum  biochemical 
parameters  of  wild  P. occidentalis  and  T. vulpecula  in  my  study  (excluding 
juveniles) …………………………………………………………………………………………………………………138 
Table  3.8  Haematological  and  serum  biochemical  summary  statistics  for 
variables from P. occidentalis and T. vulpecula in my study that differed by field 
site…………………………………………………………………………………………………………………………..139    
Table 3.9 Pre-and post-translocation summary statistics for parameters that 
varied between the two sampling categories (Wald tests, α=0.05) ………………………….141 
Table  3.10  Frequency  of  occurrence  of  gastro-intestinal  bacterial  species 
cultured from cloacal swabs taken from P. occidentalis and T. vulpecula  …………………146 
Table  3.11  Frequency  of  occurrence  of  gastro-intestinal  parasites  in  faecal 
samples from T. vulpecula ……………………………………………………………………………………….148 
Table 3.12 Mixed linear regression models of body mass against combinations 
of head-body (HB), head (H), pes (P) lengths and sex (S) ranked by AICc …………………151 
Table 3.13 Mixed linear regression outputs for the HB_H and HB models for 
P. occidentalis, and the HB model for T. vulpecula………………………………………………………152 
Table  3.14  Pearson's  correlation  coefficients  and  significance  levels  for 
variables correlated with measures of body condition for a) P. occidentalis and 
b) T. vulpecula …………………………………………………………………………………………………………153 
Table 3.15 Numbers of females examined, and offspring productivity in terms 
of pouch young and juvenile offspring per female possum  ………………………………………154  
  xxv 
Table 4.1 Fates of 68 translocated P. occidentalis and 24 resident T. vulpecula 
at the three field sites ……………………………………………………………………………………………..176 
Table 4.2 Variables used in the non-metric multidimensional scaling analysis 
and their level of measurement ………………………………………………………………………………180 
Table  4.3  Scores  for  the  characteristics  defined  in  Table  4.2  of  individual 
P. occidentalis (Po) and T. vulpecula (Tv) predated/scavenged by mammals and 
raptors at Leschenault Peninsula (LP), Martin's Tank (MT) and Preston Beach 
Rd (PBR) ………………………………………………………………………………………………………………….181 
Table  5.1  a)  Individual  covariates  incorporated  into  survival  analyses  of 
translocated P. occidentalis, b) External covariates incorporated into survival 
analyses of translocated P. occidentalis……………………………………………………………………204 
Table 5.2 Rainfall and temperature data for Bunbury, WA ……………………………………..205 
Table  5.3  T. vulpecula  population  size  within  each  of  the  trapping  webs, 
located near release sites for translocated P. occidentalis ………………………………………205 
Table 5.4 Candidate models (in alphabetical order) constructed to investigate 
which factors most influence post-translocation survivorship of P. occidentalis ………210 
Table 5.5 Candidate models (in alphabetical order) and their corresponding                       
descriptions……………………………………………………………………………………………………………..216 
Table 5.6 Candidate models (in alphabetical order) constructed to investigate 
factors influencing survival of established P. occidentalis and T. vulpecula and 
their corresponding descriptions……………………………………………………………………………..218 
Table  5.7  Program  MARK  output  ranked  by  AICc  for  a  priori  models 
investigating factors affecting P. occidentalis survival …………………………………………….222 
Table 5.8 Program MARK output when the S(WBC+CBP) model is added to the 
confidence set of supported models ……………………………………………………………………….223 
Table 5.9 Program MARK output for the sub-set of supported models ranked 
by delta AICc …………………………………………………………………………………………………………..225 
Table 5.10 Estimates of slope coefficients for the parameters in the confidence 
set of models and 4-weekly survival estimates (all field sites combined) for 
each model using the covariate values indicated …………………………………………………….226 
Table 5.11 Average values of covariates in the final model set for each field site ……226 
Table  5.12  Program  MARK  output  for  the  confidence  model  set  with  the 
addition of models created to investigate effects of the different white cell 
components …………………………………………………………………………………………………………….229 
Table 5.13 Program MARK output for the candidate model set from Table 5.5 ……….230  
  xxvi 
Table 5.14 Program MARK output for the candidate model set from Table 5.6 ……….232 
Table 6.1 Two-way ANOVA table testing the effects of site, possum species and 
the interaction between these variables on mean percentages of each habitat 
type in possum home ranges …………………………………………………………………………………..269 
Table 6.2 Home range areas (90% and 50% kernels and 90% MCP) and other 
information for all possums providing ≥15 fixes ………………………………………………………270 
Table 6.3 Two-way ANOVA table testing the effects of possum species, sex and 
their interaction on home range size ……………………………………………………………………….272 
Table  6.4  Variables  included  in  regression  analyses  to  determine  factors 
influencing home range size  …………………………………………………………………………………….273 
Table 6.5 Model components for regression analyses……………………………………………..274 
Table  6.6  Models  ranked  by  AICc  for  a)  P. occidentalis  and  b)  T. vulpecula, 
where log(Home Range area) is the dependent variable …………………………………………275 
Table 6.7 Regression outputs for the best-supported models of those listed in 
Table 6.6  for a) P. occidentalis and b) T. vulpecula…………………………………………………..276 
Table  6.8  Pairs  of  individual  possums  occupying  the  same  2  km
2  areas: 
Numbers whose ranges overlapped and the mean percentages of overlap……………..279 
Table 6.9 Pairs of possums with Jacob's Indices >0.30……………………………………………..281 
Table  6.10  Total  contact  time  recorded  for  pairs  of  T. vulpecula  carrying 
contact collars and living in the same 2 km
2 vicinity…………………………………………………282 
Table 6.11 Mean home range sizes (ha) for three species of ringtail possums, 
P. occidentalis  (Po),  P.  peregrinus  (Pp)  and  Hemibelideus  lemuroides  (Hl)  at 
various locations, estimated by kernel and/or MCP methods ……….………………………..303 
Table 7.1 Numbers of P. occidentalis and T. vulpecula sighted at each field site……...316 
Table 7.2 Models fitted to non-truncated data for both possum species, ranked 
by AIC ………………………………………………………………………………………………………………………319 
Table 7.3 Models fitted to data truncated at 30m for both possum species, 
ranked by AIC ………………………………………………………………………………………………………….319 
Table 7.4 Models fitted to P. occidentalis data: a) non-truncated, b) truncated 
at 26m. Density estimates are for all field sites pooled; variance is calculated 
analytically ………………………………………………………………………………………………………………321 
Table 7.5 Estimates of P. occidentalis density from the uniform cosine model at 
the four transect locations using the non-truncated data set ………………………………….324  
  xxvii 
Table 7.6 Models fitted to T. vulpecula data: a) non-truncated, b) truncated at 
35m.  Density  estimates  are  for  all  field  sites  pooled;  variance  is  calculated 
analytically ………………………………………………………………………………………………………………326 
Table 7.7 Estimates of T. vulpecula density at the four transect locations from 
the half normal model including the 4-factor covariate "vegetation density", 
using the truncated (at 35m) data set …………………………..…………………………………………329 
Table  7.8  Transect  length  requirements  for  future  P. occidentalis  surveys. 
Calculations  are  based  on  two  different  variance  measures;  two  levels  of 
precision are specified for each ………………………………….……………………………………………342 
Appendix 1 Dates on which each possum was health-screened, possum details, 
and parameters screened for ………………………………………………………………………………….385 
Appendix 2 Details of collar types used, and the dates and durations of time 
over which they were deployed ………………………………………………………………………………393 
Appendix  3a  Encounter  histories  and  field  site  codes  for  67  translocated 
P. occidentalis………………………………………….…………………………………………………………………..398 
Appendix 3b Individual covariate values used in models investigating factors 
affecting survival of 67 translocated P. occidentalis  …………………………………………….…..400 
Appendix  3c  Data  format  of  encounter  histories  for  summer  and  winter 
releases of two "cohorts" of P. occidentalis originating from development sites …….402 
Appendix  3d  Encounter  histories  and  covariate  values  for  33  translocated 
P. occidentalis which survived long enough to establish home ranges and 18 
T. vulpecula from within the translocation field sites………………………………………………….403  
  xxix 
List of Figures 
Figure 1.1 Historic and current distribution of P. occidentalis ……………………………………51   
Figure 1.2 Locations of P. occidentalis translocation sites ………………………………………….52   
Figure 2.1 Map showing locations of field sites in relation to Busselton and 
other locations in south-west WA ……………………………………………………………………………..68 
Figure 2.2 Leschenault Peninsula Conservation Park, showing roads, release 
sites for P. occidentalis and trapping web locations ……..…………………………………………..71   
Figure 2.3 Martin’s Tank fire exclusion zone, showing roads, release sites for 
P. occidentalis and trapping web locations……….…………………………………………………………..73 
Figure 2.4 Preston Beach Rd fire exclusion zone, showing roads, release sites 
for P. occidentalis and trapping web locations …………………………………………………..……..73 
Figure  2.5  Typical  peppermint-dominated  forest  into  which  P. occidentalis 
were translocated (Photo taken at Leschenault Peninsula) ………………………………….......74 
Figure  2.6  a)  dart  gun  and  dart  components,  b)  dart  components  and 
assembled dart ………………………………………………………………………………………………………….81 
Figure 2.7 Cage trap with T. vulpecula and bait………………………………………………………….84 
Figure 2.8 a) Portable anaesthetic machine, b) P. occidentalis under isoflurane 
anaesthesia, c) P. occidentalis recovering in calico bag ……………………………………………..85 
Figure 2.9 Examples of health screening procedures and photographs of some 
of the equipment used ………………………………………………………………………………………………95 
Figure 2.10 Radio-collars: a) Sirtrack contact collar for T. vulpecula, b) Biotrack 
mortality sensing collar for T. vulpecula, c) AVM mortality sensing collar for 
P. occidentalis, d) Biotrack mortality sensing collar for P. occidentalis…………………………...99 
Figure  2.11  Releasing  a  translocated  P. occidentalis  in  the  evening  onto  a 
sloping peppermint tree trunk …………………………………………………………………………………101 
Figure  2.12  Yagi  antenna  attached  to  aeroplane  fuselage  for  radio-tracking 
possums from the air ………………………………………………………………………………………………104 
Figure 3.1 Graphical representation of the table in Lumsden and Mullen (1978, 
p  297),  showing  the  influence  of  sample  size  on  the  value  of  k  which 
determines the probability 0.90 that 95%  of the population lies within the 
Gaussian tolerance interval ……………………………………………………………………………………..126  
  xxx 
Figure 3.2 Confidence intervals for the differences between pre-translocation 
mean  parameter  levels  for  P. occidentalis  that  died  within  5  months  of 
translocation (NS) and those that survived longer than 5 months (S) …………..............142 
Figure 3.3 Relationships between body mass and head-body, head and pes 
measurements for P. occidentalis and T. vulpecula …………………………………………………151 
Figure 3.4 Numbers of pouch young and juvenile offspring per female possum 
by season and species. Spring/summer is Sept-Feb and autumn/ winter is Mar-
Aug ………………………………………………………………………………………………………………………….155 
Figure 4.1 Fates of 68 radio-collared P. occidentalis and 24 T. vulpecula at all 
three study sites combined, based on DNA results, carcass examinations, and 
necropsy findings …………………………………………………………………………………………………….177 
Figure  4.2  Examples  of  carcass  remains  and  collar  appearance  for 
P. occidentalis killed by cats, pythons, raptors and foxes…………………………………………….178 
Figure 4.3 Non-metric 2-dimensional MDS ordination of 40 deceased possums ...…..182 
Figure 4.4 Carcass of PoF181 at discovery ……………………………………………………………….184 
Figure 5.1 Predicted four-weekly survival rates of translocated P. occidentalis 
from the S(WBC+CBP) model for a range of white cell counts at two levels of 
T. vulpecula population size  ………………………………………………………………………………..224 
Figure  5.2  Model-averaged  four-weekly  survivorship  estimates  for 
P. occidentalis  translocated  into  Leschenault  Peninsula,  Martin’s  Tank  and 
Preston Beach Road ………………………………………………………………………………………………..227 
Figure  5.3  a)  Model-averaged  estimates  of  four-weekly  survivorship  of 
P. occidentalis and b) survivorship estimates from the S(.) model……………………………….231 
Figure  5.4  a)  Model  averaged-survivorship  estimates  and  unconditional 
standard errors for established P. occidentalis and resident T. vulpecula at the 
translocation  sites  and  b)  survivorship  estimates  (±SE)  from  the  model 
incorporating species differences only …………………………………………………………………....235 
Figure 6.1 Scatter of GPS locations collected on 10 successive nights at a fixed 
point at each field site, before (black) and after (green) post-processing ………………..250 
Figure 6.2 Triangulated data points (green), associated error ellipses (brown) 
and GPS locations (orange) for three T. vulpecula at Martin’s Tank …………………………252 
Figure 6.3 a) Harmonic mean and b) Fixed kernel home ranges for two female 
(smallest  ranges)  and  two  male  (larger  ranges)  P. occidentalis  coincident  in 
time (95%, 75% and 50% isopleths) …………………………………………………………………………254  
  xxxi 
Figure 6.4 Kernel home range of one male P. occidentalis a) including all 47 
fixes and b) excluding the first two travelling fixes and the final fix. 95%, 75% 
and 50% isopleths are shown……………………………………………….………………………………..255 
Figure 6.5 Vegetation strata at the three study sites: Green = Peppermint-
dominated;  Brown  =  Mixed  Peppermint-Other;  Yellow  =  Other-dominated. 
Blue stars indicate release sites for translocated P. occidentalis ………………………………260 
Figure  6.6  Dispersal  routes  of  10  translocated  P. occidentalis  after  release, 
overlaying orthophotos of the field sites …………………………………………………………………262 
Figure  6.7  Location  fixes  for  radio-tracked  P. occidentalis  (black)  and 
T. vulpecula  (blue)  at  Leschenault  Peninsula,  superimposed  on  polygons  of 
vegetation type ……………………………………………………………………………………………………….264 
Figure  6.8  Location  fixes  for  radio-tracked  P. occidentalis  (black)  and 
T. vulpecula (blue) at Martin’s Tank, superimposed on polygons of vegetation 
type …………………………………………………………………………………………………………………………265 
Figure  6.9  Location  fixes  for  radio-tracked  P. occidentalis  (black)  and 
T. vulpecula  (blue)  at  Preston  Beach  Rd,  superimposed  on  polygons  of 
vegetation  …….267 
Figure 6.10 Mean percentages of home ranges areas in each vegetation type 
for P. occidentalis (black) and T. vulpecula (striped) at each field site  ………………………268 
Figure  6.11  Mean  90%  and  50%  home  range  areas  (ha)  for  both  possum 
species by sex. Standard error bars are shown ………………………………………………………..271 
Figure  6.12  Temporally  coincident  kernel  home  ranges  (90%  and  50% 
isopleths) of male and female P. occidentalis and T. vulpecula in northern and 
southern regions at two field sites …………………………………………………………………………..278 
Figure 6.13 Mean percent home range overlaps (90% kernel isopleths) within 
and between possum species ………………………………………………………………………………….279 
Figure  6.14  Jacobs  Indices,  ranked  by  magnitude,  for  87  pairs  of  possums 
which were observed within 15 min of each other at least twice during the 
study ……………………………………………………………………………………………………………………….280 
Figure 6.15 Movements of two female possums from one established home 
range to another ……………………………………………………………………………………………………..284 
Figure  6.16  Proportions  of  rest  site  types  used  by  P. occidentalis  and 
T. vulpecula at each of the field sites…………………………………………………………………………..286 
Figure 6.17 Percentages of rest/den sites occurring in the different vegetation 
species or substrate, at each field site for each possum species ……………………………..288  
  xxxii 
Figure 6.18 Distributions of P. occidentalis rest site types in the four main field 
locations ………………………………………………………………………………………………………………….289 
Figure 6.19 Mean heights of each rest site type for P. occidentalis (circles) and 
T. vulpecula (triangles). Standard error bars shown …………………………………………………290 
Figure 6.20 Nocturnal observations of P. occidentalis foraging………………………………..291 
Figure  6.21  Kernel  home  range  isopleths  (90%  and  50%)  and  diurnal  and 
nocturnal fixes for TvF008 (red) and TvM005 blue T. vulpecula. a) All diurnal 
observations  included  (superimposed  upon  one  another);  b)  Only  the  first 
observation at any den site included …………………….……………………………………….……….294 
Figure 6.22 Home ranges of P. occidentalis at Martin’s Tank during 2006-08 
(yellow  =  female,  orange  =  male),  superimposed  on  location  fixes  from 
P. occidentalis translocated by Paul de Tores (unpublished data) in 2004-05……………….297 
Figure 7.1 Maps showing spotlight transect lines at each field site ………………………….314 
Figure  7.2  Data  structure  within  Distance,  showing  the  four  levels  of 
stratification (study area, region, line transect, observation), and ancillary data 
(covariates) at the transect and observation levels ………………………………………………….315 
Figure 7.3 Frequency distributions of perpendicular distances of observations 
from the transect line for all field sites combined; a) both possum species, b) 
T. vulpecula, c) P. occidentalis……………………………………………………………………………………..316 
Figure  7.4  Q-Q  Plots  of  the  EDF  vs.  CDF  for  the  best  models  fitted  to 
P. occidentalis spotlighting data. a) Non-truncated and b) truncated at 26 m………………322 
Figure 7.5 Uniform key function with one cosine adjustment fitted to a 10-bin 
histogram of the non-truncated P. occidentalis distance data…………………………….……323 
Figure 7.6 Half normal key function, scaled by vegetation density, fitted to 11-
bin histograms of the truncated T. vulpecula distance data for each factor of 
the covariate ……………………………………………………………………………………………………………328 
Figure  7.7  Density  estimates  for  translocated  and  natural  populations  of 
P. occidentalis in coastal regions of south-west WA…………………………………………………….333 
Figure  7.8  Distance  sampling  density  estimates  for  T. vulpecula  at  the 
translocation sites ……………………………………………………………………………………………………339 Chapter 1 – Introduction 
  1 
Chapter 1:  
General introduction and literature review 
Biodiversity  conservation  is  an  issue  of  increasing  importance  for  scientists  and 
managers in an age of accelerating extinction rates and rapid environmental change 
(Johnson 2006, Woinarski et al. 2010). Australia boasts the highest mammal species 
extinction rate over the past 200 years of any continent (Johnson 2006, McKenzie et al. 
2007), with 22 species becoming extinct since European settlement and a further 43 
currently  classified  as  threatened  under  Australia’s  Environment  Protection  and 
Biodiversity Conservation (EPBC) Act 1999, terrestrial mammal list 2006 (McKenzie et 
al. 2007). Small and medium size native mammals have been particularly affected by a 
suite of threatening processes (Burbidge and McKenzie 1989, Cardillo and Bromham 
2001, Morton 1990, Short and Smith 1994, Smith and Quin 1996) and are now the 
subject of numerous conservation actions. Translocation of species to locations where 
they previously existed is a commonly used management action, aimed at increasing 
species’ ranges and population numbers (Griffith et al. 1989, Kleiman 1989). Outcomes 
of  such  programs  have  met  with  variable  success  (Fischer  and  Lindenmayer  2000, 
Mawson 2004, Short et al. 1992, Wolf et al. 1998).  
The  western  ringtail  possum  (Pseudocheirus  occidentalis),  also  known  by  the  local 
aboriginal  name  of  ngwayir  (Abbott  2008,  Wayne  2005),  is  a  threatened  arboreal 
marsupial found only in south-west Western Australia (WA) (de Tores 2008a, Jones 
1995). Populations are continuing to decline as a result of anthropogenic disturbances 
(urban development, land clearing for agriculture, timber harvesting and changed fire 
regimes) (Wayne et al. 2006). Destruction of prime habitat for human development is 
a  major  threatening  process  for  coastal  populations  of  P. occidentalis,  and 
translocation  of  displaced  individuals  to  conservation  estates  within  the  species’ 
previous geographic range is a current focus of scientific investigation (de Tores et al. 
2005a, de Tores et al. 2008a, de Tores et al. 1998, de Tores et al. 2004). The work 
described in this thesis was carried out to evaluate the feasibility of translocation as a 
management  strategy  for  P. occidentalis  and  to  determine  factors  limiting 
translocation  success  (de  Tores  2005).  Monitoring  of  wildlife  health  and  disease Chapter 1 – Introduction 
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prevalence  forms  an  important  component  of  animal  translocation  programs 
(Cunningham 1996, de Castro and Bolker 2005, Jakob-Hoff 1999, Mathews et al. 2006, 
Parker et al. 2006, Viggers et al. 1993, Woodford and Rossiter 1994), as disease can 
play a limiting role in persistence of small populations (Daszak and Cunningham 1999, 
McCallum 1994b, Pedersen et al. 2007). Health screening and disease surveillance thus 
formed a major component of this project.  
This chapter outlines the factors influencing mammal declines in Australia, particularly 
in WA, and discusses the various limitations and risks associated with translocation of 
animal  species.  The  literature  relevant  to  health  and  disease  in  endangered 
populations  is  reviewed  and  diseases  of  particular  risk  to  possum  species  are 
described. Aspects of the biology of P. occidentalis, along with those of the sympatric 
common brushtail possum, Trichosurus vulpecula, are outlined in relation to possible 
competitive interactions that may influence the species’ coexistence. The final section 
of this chapter discusses the context for the work in relation to previous research. The 
aims of this project are specified and the chapter structure of the thesis outlined.  
Note that, throughout this  thesis, species are referred to by their common names 
(with the latin name in brackets at the first mention), except for P. occidentalis and 
T. vulpecula for which latin names are used at all times (for brevity).  
1.1 MAMMAL DECLINES IN AUSTRALIA 
1.1.1 Historic and current causes of decline 
Populations  of  many  Australian  mammals  have  declined  markedly  over  the  two 
centuries  since  European  settlement,  especially  in  arid  mainland  regions  (Johnson 
2006, McKenzie et al. 2007, Recher and Lim 1990, Short and Smith 1994). A number of 
meta-analyses over the past two decades have attempted to elucidate which factors 
are  most  strongly  implicated  in  past  and  continuing  fauna  declines.  Declines  and 
extinctions  have  been  linked  with  extrinsic  environmental  factors  such  as  aridity, 
decreased  environmental  productivity,  hunting,  land  clearing,  forestry  practices, 
changed fire regimes, introduced herbivores, feral and exotic predators; and intrinsic Chapter 1 – Introduction 
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factors such as body mass, habitat preferences, phylogeny, reproductive rates and diet 
(Abbott 2006, Burbidge and McKenzie 1989, Burbidge and Manly 2002, Calver and Dell 
1998, Fisher et al. 2003, Johnson 2006, Johnson 1998, Johnson et al. 2007, McKenzie et 
al. 2007, Morton 1990, Recher and Lim 1990, Short and Smith 1994, Smith and Quin 
1996).  
Burbidge and McKenzie (1989) found rainfall predicted 77% of past faunal attrition; 
inclusion of herbivory and ground-dwelling behaviour increased this figure to 89%. 
Morton  (1990)  argued  that  habitat  alteration  by  introduced  herbivores,  especially 
rabbits (Oryctolagus cuniculus), severely degraded the quality of drought refuges upon 
which native species depended during extended periods of low rainfall. Smith  and 
Quin  (1996)  found  an  association  between  conilurine  rodent  decline  and  the 
abundance of rabbits and foxes (Vulpes vulpes). Fisher et al. (2003) found that overlap 
of a native species’ range with that of sheep (Ovis aries) grazing was a good predictor 
of decline, and proposed that habitat degradation was the mechanism behind this 
association. Abbott (2006) hypothesised exotic disease may have contributed to native 
species decline in WA between 1880 and 1920. Johnson et al. (2007) suggested that 
the rarity of the dingo (Canis lupus dingo) may have played a role in the collapse of 
native prey populations through the release of mesopredators such as foxes and cats 
(Felis  catus);  the  relatively  low  reproductive  rates  inherent  to  marsupials  are  then 
believed to limit population recoveries (Johnson 2006). A recent analysis by McKenzie 
et  al.  (2007)  found  that  a  multifactorial  model  including  rainfall,  ground-dwelling 
behaviour, body weight, extent of geographic range and environmental change best 
accounted for regional attrition of native mammalian fauna over past decades. Current 
declines of native mammals in northern Australia appear to be being driven by too 
frequent  fires,  predation  by  feral  cats  and  invasion  of  the  region  by  cane  toads 
(Rhinella marina) (Fitzsimons et al. 2010, Woinarski et al. 2010). 
The general consensus now seems to be that no single factor is responsible for the 
widespread  decline  of  Australian  mammals  and  that  factors  may  differ  between 
species and often interact  (Abbott 2008, Didham et al. 2005, Maxwell et al. 1996, 
McKenzie et al. 2007, Recher and Lim 1990). It is likely that initial declines were due to 
a  combination  of  the factors  responsible for  decreased  environmental  productivity Chapter 1 – Introduction 
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(land  clearing,  drought,  changed  fire  regimes,  forestry,  pastoralism,  urbanism  and 
disease), and that native species numbers have since been kept low or sent further 
into decline by exotic predators (foxes and cats) in the absence of sufficient refuges 
and in the presence of continued habitat fragmentation (Dickman 1996, Kinnear et al. 
2002, May and Norton 1996, Morton 1990, Short et al. 2002, Smith and Quin 1996). 
Intrinsic characteristics of threatened Australian fauna, such as low reproductive rates, 
small body size, habitat specialisation, phylogeny and predator naïveté, exacerbate 
their susceptibility to environmental change and predation (Fisher et al. 2003, Johnson 
2006, Johnson et al. 2002, Smith and Quin 1996).  
1.1.2 Predation by exotic carnivore species 
The widespread occurrence of feral cats and foxes on mainland Australia has been 
linked  to  marsupial  declines  (Abbott  2002,  Johnson  2006,  May  and  Norton  1996, 
Risbey et al. 2000, Short and Smith 1994, Short et al. 2002, Smith and Quin 1996) and 
contributes to the continued suppression of many populations of small to medium 
sized  marsupial  species,  such  as  the  numbat  (Myrmecobius  fasciatus)  (Friend  and 
Thomas  2003),  two  species  of  rock  wallaby  (Petrogale  rothschildi  and  Petrogale 
lateralis) (Kinnear et al. 1988, Kinnear et al. 1998), and the brush-tail bettong or woylie 
(Bettongia penicillata) (Christensen 1978, 1980, Kinnear et al. 2002, Morris et al. 2004, 
Wayne 2009). The experimental work pioneered by Kinnear et al. (1988, 1998) and 
followed by that of Risbey et al. (2000), clearly demonstrated that both foxes and feral 
cats can suppress populations of small marsupial species.  
Effective  control  of  foxes  and  sometimes  of  cats  at  sites  in  WA  has  resulted  in 
population  increases  of  several  marsupial  species,  including  T. vulpecula,  two  rock 
wallaby  species,  tammar  wallaby  (Macropus  eugenii),  woylie,  numbat,  burrowing 
bettong (Bettongia lesueur) and western barred bandicoot (Perameles bougainville) 
(Friend 1990, Kinnear et al. 2002, Short et al. 1997). Fencing is often the only practical 
(albeit  expensive)  method  of  maintaining  sufficiently  low  predator  numbers  for 
survival of reintroduced endangered species such as the burrowing bettong (Short and 
Turner 2000), rufous hare wallaby (Lagorchestes hirsutus) (Gibson et al. 1994), bilby 
(Macrotis lagotis) (Morris et al. 2004, Moseby and O'Donnell 2003) and western barred Chapter 1 – Introduction 
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bandicoot (Richards and Short 2003). Presence of sufficient suitable refuges is essential 
for at-risk species to coexist with introduced predators and, even then, some level of 
predator control is likely to be required unless prey reproductive rates are sufficiently 
high (Sinclair et al. 1998).  
Predator-prey relationships can be described in terms of both functional and numerical 
responses of predators to changes in prey density. A predator’s functional response is 
its rate of prey consumption relative to prey density, while its numerical response is a 
measure of change in predator numbers (or density) relative to prey density (Caughley 
and  Sinclair  1994,  Holling  1959,  1965,  Sinclair  et  al.  2006).  The  product  of  both 
responses determines the total response of the predator to a prey species (Pech et al. 
1995).  The  mathematical  models  representing  these  relationships  can  take  several 
forms (e.g. Pech et al. 1995, Sinclair et al. 1998, Sinclair et al. 2006). Empirical data on 
predator consumption rates and predator numbers across a range of prey densities are 
generally  required  to  determine  the  actual  shape  of  the  response  curve  for  any 
predator-prey  system  (Boutin  1995,  Gascoigne  and  Lipcius  2004,  Pech  et  al.  1995, 
Sinclair et al. 1998). Predator-prey dynamics depend on a host of variables including 
environmental  conditions,  availability  of  food  and  refuges  for  prey,  presence  and 
abundance of alternative prey species, the relative reproductive rates of prey, and the 
time scales over which these operate  (Courchamp et al. 1999c, Karels et al. 2000, 
Lundie-Jenkins et al. 1993, Pech et al. 1995, Sinclair et al. 1998).  
As ecosystems are complex and rarely static, it is not straightforward to ascertain the 
exact role of predation in the population dynamics of a particular prey species. Many 
models  predict  effects  of  predators  on  prey  will  be  greatest  at  low  prey  densities 
(Newsome  et  al.  1989, Pech  et  al.  1995,  Sinclair  et  al.  1998)  and  there  is  often  a 
threshold population size below which extinction is highly likely (Gascoigne and Lipcius 
2004, Sinclair et al. 1998). In other modelling scenarios, low density prey populations 
may be able to persist at low levels of predation but not at higher levels (Pech et al. 
1995).  More  complex  models  involve  one  or  two  stable  states  around  which  prey 
densities may oscillate; the lower stable prey density is often regulated by predator 
numbers and the upper level of prey density is usually limited by the carrying capacity 
of the environment (Pech et al. 1995, Sinclair et al. 1998, Sinclair et al. 2006).   Chapter 1 – Introduction 
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One  mechanism  by  which  introduced  predators  such  as  foxes  and  cats  succeed  in 
keeping Australian native fauna populations low, or even driving them extinct, was 
proposed by Smith and Quin (1996) as an extension of the “predator pit” model of 
Newsome (1990). A predator pit occurs when a collapse in prey abundance due to 
stochastic (random) environmental events, such as drought, leads to an increase in 
predation  pressure  on  the  remaining  prey  such  that  their  numbers  are  unable  to 
increase  when  conditions  improve.  Prey  can  only  escape  from  the  pit  if  their 
reproductive rate exceeds the harvesting capacity of their predators (Newsome 1990). 
Smith and Quin (1996) proposed a “hyperpredation” model in which the introduction 
of a rapidly-reproducing exotic alternative prey species can sustain such high numbers 
of predators that native prey are kept permanently in the “pit”. The model assumes 
that native prey have a lower reproductive rate than the introduced prey species and 
lack  effective predator avoidance  behaviours. By  suppressing population  growth of 
native prey species, hyperpredation can increase the likelihood of these populations 
undergoing further declines as a result of stochastic events, especially if numbers of 
safe refuges are limited.  
Endangered  species  that  are  easy  to  catch  or  predator-naïve  are  particularly 
susceptible  to  extinction  from  predation,  especially  when  predator  numbers  are 
maintained at high levels due to presence of a more common alternative prey species 
(Pech et al. 1995, Sinclair et al. 1998, Smith and Quin 1996). An example of this is 
found in Angulo et al. (2007) and Roemer et al. (2001) who document situations in 
which naïve island fox (Urocyon littoralis) populations in the California Channel Islands 
were  driven  to  near  extinction  by  increased  numbers  of  golden  eagles  (Aquila 
chrysaetos) whose population size was maintained by predation on introduced feral 
pigs  (Sus  scrofa).  Rabbits  and  house  mice  (Mus  musculus)  are  examples  of  exotic 
alternative prey species in the Australian environment that can support high fox or cat 
densities and lead to hyperpredation effects on native species (Dickman 1996, Glen 
and Dickman 2005, Lundie-Jenkins et al. 1993, Sinclair et al. 1998, Smith and Quin 
1996).  
Australian  native  mammals  are  typically  poorly  adapted  to  recognise  introduced 
eutherian predators and are thus easy prey for foxes and cats (Banks 1998, Banks and Chapter 1 – Introduction 
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Dickman 2007, Blumstein et al. 2000, Blumstein et al. 2002a, Blumstein et al. 2002b, 
Blumstein and Daniel 2003, Blumstein et al. 2004, Cox and Lima 2006, 2007, McEvoy et 
al. 2008, Salo et al. 2007). The occasional tendency of foxes and dingoes to kill more 
animals than they require for food (surplus killing) further increases the deleterious 
effects that exotic predator species exert upon native prey populations (Short et al. 
2002).  
Predators can also exert non-lethal effects upon prey, which play a further role in 
limiting prey population numbers (Lima 1998, Sheriff et al. 2009). Such effects include 
stress,  which  may  lead  to  illness  and  decreased  immunity  (Boonstra  et  al.  1998); 
reduced  foraging  and  mating  activity,  which  can  result  in  decreased  growth  and 
fecundity  (Beckerman  et  al.  2007,  Pickett  et  al.  2005);  and  population  cycling 
(Korpimäki et al. 2005). Non-lethal effects of predation such as these can mimic or 
augment  the  effects  of  food  limitation  (Creel  and  Christianson  2008),  and  the 
interaction of predation with food limitation can have an effect on prey population 
dynamics that is greater than the additive effect of these factors (Karels et al. 2000, 
Krebs et al. 1995).  
Since  multiple  factors  interact  with  predation  to  affect  Australian  native  mammal 
population  dynamics,  all  evidence  suggests  that  recovery  plans  need  to  be 
multifaceted  and  tailored  to  the  biology  and  ecology  of  the  particular  species  in 
question (McKenzie et al. 2007). It is important that habitat management activities 
(e.g. feral herbivore control, fire regimes and land quality restoration) are carried out 
in concert with effective introduced predator control strategies. Managing multiple 
factors  simultaneously  is  difficult  and,  in  practice,  conservation  programs  often 
concentrate on one at a time. Predation by introduced carnivores on native species is 
an issue of pressing concern for most wildlife managers and has been the main focus 
of  many  programs  in  recent  years  (Algar  and  Burrows  2004,  Kinnear  et  al.  1998, 
McLean et al. 2000, Morris et al. 2004, Moseby et al. 2009, Short and Smith 1994, 
Sinclair et al. 1998).  
In  WA  the  use  of  sodium  monofluroacetate  (1080)  to  control  foxes  has  been 
particularly successful, due in part to the resistance of native mammalian species to Chapter 1 – Introduction 
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this  naturally-occurring  toxin  which  is  found  in  certain  plant  species  of  the  genus 
Gastrolobium (King et al. 1978, 1981, King 1993, McIlroy 1982, Oliver et al. 1979). 
Various  studies  have  demonstrated  the  high  natural  tolerance  to  1080  in  West 
Australian wildlife, compared to species on the eastern side of the continent (Calver et 
al. 1989b, McIlroy 1986, Twigg and King 1991), and have assessed the risks of non-
target bait uptake (Calver et al. 1989a, Glen et al. 2007, Martin et al. 2002, Thomson 
and Kok 2002, Twigg and King 1991). Widespread aerial and ground baiting is able to 
be carried out in WA (Algar 2006, Kinnear et al. 2002, Morris et al. 1995, Morris et al. 
2003) with a low risk of poisoning the native wildlife.  
Baits containing 1080 are used successfully to kill feral cats as well as foxes in semi-arid 
regions of WA (Algar and Burrows 2004, Burrows et al. 2003, Risbey et al. 1997, Risbey 
et al. 2000). However, in the more temperate regions of south-west WA, 1080 baits 
have been formulated only for fox and wild dog (Canis lupus familiaris) control. Cats 
are more difficult to control than foxes because they are thought to consume baits 
only when particularly hungry and are also very wary of traps (Algar 2006, Short et al. 
1997). At present there are no effective cat baiting programs operating in south-west 
WA, although trials of newly formulated baits are underway (Algar and Burrows 2004, 
Algar  2006,  de  Tores  and  Berry  2007,  WA  Department  of  Environment  and 
Conservation, unpublished data).  
An  intensive  1080-baiting  fox  control  program  named  “Western  Shield”,  covering 
nearly 3.5 million hectares, mainly within conservation estates in WA (Bailey 1996, 
Possingham et al. 2004), was initiated in 1996 and resulted in a degree of fox control 
that allowed numbers of various marsupial species to increase to levels at which the 
risk of extinction due to stochastic events was much reduced  (Kinnear et al. 2002, 
Possingham  et  al.  2004).  During  the  period  from  1996-2002,  fox  control  enabled 
recovery of threatened chuditch (Dasyurus geoffroii) populations in south-west WA 
(Morris  et  al.  2003),  and  improved  the  conservation  status  of  woylies,  tammar 
wallabies  and  southern  brown  bandicoot  or  quenda  (Isoodon  obesulus)    (Mawson 
2004). A number of endangered marsupial species were translocated into 1080-baited 
sites with some successes (Mawson 2004, Morris 2000), particularly when 1080-baiting 
was combined with predator-proof fencing (Morris et al. 2004).  Chapter 1 – Introduction 
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Over  the  last  8  years  the  initial  successes  of  Western  Shield  have  shown  some 
reversals,  particularly  in  regard  to  woylie  numbers  (Wayne  2009).  Researchers  are 
starting to fear that feral cat predation pressure is on the increase (Christensen and 
Burrows 1994, Glen and Dickman 2005, Morris et al. 2008, Priddel and Wheeler 2004, 
Risbey  et  al.  2000),  as  a  result  of  the  phenomenon  of  mesopredator  release 
(Courchamp et al. 1999b, Soulé et al. 1988), where a subordinate predator is released 
from suppression by removal of the top predator, in this case the fox. There is also the 
likelihood  that  native  predator  numbers  (such  as  chuditch,  south  western  carpet 
python (Morelia spilota imbricata) and varanid lizards) have increased for the same 
reason  (de  Tores  2008b).  Research  has  indeed  shown  that  chuditch  numbers  are 
greater in 1080-baited sites, compared to adjacent sites with similar floristics which 
are not subject to baiting (Glen 2008, Glen et al. 2009, Morris et al. 2003); the situation 
for varanid lizards is less clear (de Tores et al. 2008b).  
Documented examples of a mesopredator release effect on species elsewhere in the 
world include: suppression of Egyptian mongoose (Herpestes ichneumon) by Iberian 
lynx  (Lynx  pardinus)  in  Spain  (Palomares  et  al.  1995);  increased  red  fox  numbers 
following culling of Eurasian badgers (Meles meles) in England (Trewby et al. 2007); 
and increases in abundance of native and exotic predators following coyote (Canis 
latrans) decline in California (Crooks and Soulé 1999). It is believed that, in Australia, 
presence of dingoes and wild dogs of domestic origin are capable of suppressing both 
fox  and  feral  cat  numbers,  thus  potentially  benefiting  smaller  marsupial  species 
(Johnson et al. 2007, Johnson and VanDerWal 2009, Letnic et al. 2009, Wallach et al. 
2009). This hypothesis has not yet been experimentally trialled and prey responses are 
likely to vary with resource availability, habitat complexity and community structure 
(Prugh et al. 2009, Ritchie and Johnson 2009).  
As well as the likelihood that mesopredator release of feral cats in the presence of fox 
control is having an adverse effect on West Australian wildlife (de Tores et al. 2008b, 
de Tores and Marlow 2009, de Tores and Marlow in press), there is also suggestion Chapter 1 – Introduction 
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that 1080-bait uptake by foxes could be declining at some locations (N. Marlow
1, N. 
Thomas
2, personal communication). Recent research suggests that genetic resistance 
to 1080 is now developing in some rabbit populations in WA  (Twigg et al. 2002) , 
although 25 years ago  there were no signs of this happening  (McIlroy 1982). It is 
possible that resistance will eventually develop in foxes as well (Twigg et al. 2002). Bait 
aversion is known to occur in T. vulpecula from locations other than WA as a result of 
sub-lethal ingestion of 1080 (Morgan 1990, Morgan et al. 1996, Ross et al. 2000), and 
may also occur in foxes following partial bait consumption (Thomson and Kok 2002). 
Non-target uptake of baits by birds can reduce the efficacy of fox-baiting programs 
(Thomson  and  Kok  2002)  and  T. vulpecula  are  also  known  to  remove  significant 
quantities of baits in locations where their numbers are high (N. Marlow, N. Thomas, 
personal communication).  
While broad-scale 1080-baiting reduces fox predation of T. vulpecula (Kinnear et al. 
2002), it is not known whether P. occidentalis share the same level of benefit, as they 
tend to be predominantly arboreal and prefer habitats where vegetation connectivity 
is  high.  Processes  that  lead  to  canopy  thinning  and  vegetation  discontinuity  are 
particularly  threatening  to  strictly  arboreal  species  such  as  P. occidentalis  because 
animals then have to come to ground more often (Jones and Hillcox 1995). There is 
strong  evidence  that  fox  control  benefits  P. occidentalis  in  inland  logged  forests 
(Wayne et al. 2005c, Wayne et al. 2006) and there is speculation that a similar effect 
exists  for  coastal  populations  where  canopy  continuity  is  low  (Jones  et  al.  2004). 
However,  there  is  also  the  possibility  that  mesopredator  release  of  cats  and/or 
pythons, both of which climb trees, may have a deleterious effect on P. occidentalis 
survivorship  when  effective  fox  control  is  implemented  (de  Tores  et  al.  2008a). 
Shortridge (1909) noted that cat predation on native wildlife seemed significant prior 
to the arrival of the fox; therefore, non-baited habitats may actually be more suitable 
for P. occidentalis if the presence of foxes suppresses smaller exotic carnivore species.  
                                                      
1 Senior research scientist, DEC 
2 Senior technical officer, DEC Chapter 1 – Introduction 
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Like P. occidentalis, the common ringtail possum (P. peregrinus) in eastern Australia 
prefers riparian habitats and areas of dense vegetation where canopy connectivity is 
high (Pahl 1984, Russell et al. 2003, Smith et al. 2003, Thomson and Owen 1964).  This 
species is known to be susceptible to fox predation (Augee et al. 1996, Smith et al. 
2003) and responds positively to fox control in some regions (Roberts et al. 2006). Cats 
are also a threat to common ringtail possums (Augee et al. 1996, Dickman 1996, Smith 
et al. 2003), and particular individual cats can be responsible for the death of a high 
numbers  of  possums  (Thomson  and  Owen  1964).  Differences  between  sites  in 
survivorship of radio-collared P. peregrinus is likely to be influenced by the numbers of 
introduced  predator  species  present  (Augee  et  al.  1996,  Smith  et  al.  2003).  Other 
predators of P. peregrinus include pythons, goannas, raptors and powerful owls (Ninox 
strenua)  (Augee  et  al.  1996).  Like  their  congeners  in  the  east  of  the  continent, 
P. occidentalis  are  preyed  upon  by  a  suite  of  predator  species,  both  native  and 
introduced, and depend on dense vegetation with high canopy continuity to minimise 
risk of capture.  
1.2 TRANSLOCATION AS A MANAGEMENT STRATEGY 
1.2.1 Principles, application and criteria for success 
Translocation of endangered species is commonly carried out to extend their remnant 
range and to counter the likelihood of irreversible decline, due to stochastic effects, 
through establishment of supplementary populations (Fischer and Lindenmayer 2000, 
Griffith et al. 1989, Kleiman 1989, Seddon et al. 2007). The International Union for the 
Conservation  of  Nature  (IUCN)  defines  translocation  as  “the  movement  of  living 
organisms from one area with free release in another” (IUCN 1987, 1998). There are 
three  main  categories:  i)  introduction  of  a  species  into  an  area  in  which  it  never 
previously existed, ii) reintroduction of a species into a site in which it was once extant 
but no longer is, and iii) supplementation, augmentation or restocking of areas with 
extra individuals of species currently present in lower than optimal numbers (IUCN 
1987, 1998, Kleiman 1989).  Chapter 1 – Introduction 
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Although translocations are sometimes carried out to enhance game populations for 
human recreation, most recent translocations (especially reintroductions) have been 
undertaken for conservation purposes (Abbott 2000, Griffith et al. 1989, Kleiman 1989, 
Parker et al. 2006, Serena and Williams 1994). This is particularly the case in Australia 
where the need to conserve threatened marsupial populations whose ranges have 
declined severely over past decades is of pressing concern (Burbidge and Manly 2002, 
Friend et al. 2001, Smith and Quin 1996). Numerous avian translocations have taken 
place in New Zealand in recent years for similar reasons (Armstrong and McLean 1995, 
Saunders 1994). High-profile successful examples from other continents include the 
Arabian oryx (Oryx leucoryx) in Oman (Stanley-Price 1989) and the golden lion tamarin 
(Leontopithicus  rosalia)  in  Brazil  (Kleiman  and  Rylands  2002).  However,  expensive 
failures also occur (Booth 1988, Short et al. 1992).  
The IUCN Guidelines for Re-introductions (IUCN 1998) and reviews by other authors 
emphasise the importance of ensuring that the pressures that caused a species to 
decline  in  the  first  place  are  removed  prior  to  commencement  of  reintroduction 
programs (Fischer and Lindenmayer 2000, Griffith et al. 1989, IUCN 1998, Kleiman et 
al. 1994). The failure of many documented translocation programs can be linked to 
ineffective attempts to remove pre-existing pressures, particularly predation (Morris 
2000, Priddel and Wheeler 1994, Short et al. 1992). It is also important that a sufficient 
area  of  habitat  of  suitable  quality  is  present  so  that  viable  population  sizes  of 
translocated  animals  can  be  maintained  in  the  face  of  environmental  variability 
(Armstrong  and  Seddon  2008,  Griffith  et  al.  1989,  Rout  et  al.  2007,  Sarrazin  and 
Barbault 1996, Wolf et al. 1998). Factors limiting the abundance and distribution of a 
species must be understood so that translocation can be carried out in an informed 
manner  (IUCN  1987).  Incorporation  of  an  experimental  approach,  coupled  with 
adaptive management, into translocation programs is particularly valuable to assist in 
understanding  the  limitations  associated  with  species-habitat  associations,  and  to 
maximize the value of mistakes as well as successes (Armstrong et al. 1994, Armstrong 
et al. 2007, Soderquist and Serena 1994).  
There are two major phases in any translocation program: i) establishment and ii) 
persistence of translocated populations (Armstrong and Seddon 2008). The success of Chapter 1 – Introduction 
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the establishment phase can depend on several factors including: size and composition 
of the  release  group,  release  method,  behavioural  characteristics  of  the  species  in 
question, pre- and post-release management, and habitat characteristics of the release 
site. Persistence of translocated populations is usually related to habitat conditions, 
including quality of food and shelter, numbers of predators and competitors, parasite 
burdens and presence of pathogens (Armstrong and McLean 1995, Friend and Thomas 
2003, Kenward and Hodder 1998, Short et al. 1992, Woodford and Rossiter 1994). The 
genetic  makeup  of  the  founder  population  can  also  affect  population  health  and 
survival (O'Brien et al. 1985).  
Criteria by which the success or otherwise of a translocation program can be gauged 
should be specified in the planning process, although this has not always been done 
(Fischer and Lindenmayer 2000, Mawson 2004). Time frames for success should also 
be decided (Armstrong and Seddon 2008, Kleiman 1989, Rout et al. 2007, Seddon 
1999). Short term criteria for success usually include acceptable species-specific levels 
of initial survivorship (Richards and Short 2003), breeding by founders within a certain 
time frame and then recruitment and first generation breeding (de Tores 2005, Morris 
2000).  Longer  term  measures  of  success  usually  involve  demonstrable  population 
persistence and increase in numbers until carrying capacity is reached (Sarrazin and 
Barbault 1996, Schaub et al. 2004, Seddon 1999, Seddon et al. 2007).  
Determination  of  carrying  capacity  and  long  term  population  viability  requires 
commitment  to  continued  monitoring  of  reintroduced  population  size  and  habitat 
factors, i.e. food, shelter, competition and predation (IUCN 1998, Kleiman et al. 1994). 
If population viability modelling is to be used to assess long-term translocation success, 
knowledge  of  age-specific  survival  and  fecundity  parameters  is  also  necessary 
(Armstrong  and  McLean  1995,  Sarrazin  and  Barbault  1996).  Both  successful  and 
unsuccessful  outcomes  should  be  assessed  and  management  methods  modified  as 
indicated.  
Experimental approaches can be incorporated into translocation programs to facilitate 
the  adaptive  management  process,  whereby  conservation  actions  are  modified 
according to the outcomes of research projects (Armstrong et al. 2007, Armstrong and Chapter 1 – Introduction 
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Seddon  2008,  Salafsky  et  al.  2001,  Soderquist 1994).  For  example,  animals  can  be 
translocated  into  sites  differing  in  predator  numbers  (Armstrong  et  al.  2006)  or 
translocated with and without premedication for parasite control  (Armstrong et al. 
2007). “Soft” and “hard” release protocols can be compared; for example, animals can 
be provided with supplementary food and/or shelter for an initial post-translocation 
period  (Bright  and  Morris  1994,  Hardman  and  Moro  2006,  Letty  et  al.  2000).  The 
influence  of  pre-release  anti-predator  awareness  training  can  be  experimentally 
assessed (Shier and Owings 2006, van Heezik et al. 1999) and success rates of captive-
bred versus wild-caught individuals can be compared (Aaltonen et al. 2009, McPhee 
2003, Nicoll et al. 2004).  
The  incorporation  of  a  modelling  approach  into  the  planning  process  for  a 
translocation program can be helpful in determining the best release strategy for the 
required outcome (Robert 2009, Rout et al. 2007, Wakamiya and Roy 2009) and to 
estimate minimum founder population sizes (Bustamante 1998, Dullum et al. 2005, 
McCallum 1994a), particularly in the presence of low-level predation (McCallum et al. 
1995). Large, rather than small, founder numbers are reported to be important for 
establishment of reintroduced populations (Fischer and Lindenmayer 2000, Griffith et 
al. 1989, Mawson 2004, Morris 2000, Wolf et al. 1996) and even small numbers of 
predators  may  cause  reintroductions  of  sizeable  numbers  of  prey  species  to  fail 
(McCallum et al. 1995). A single release of a large founder population may be more 
likely to succeed than several smaller releases over time (Morris 2000, Morris et al. 
2004). Modelling is also useful to assist in deciding whether supplementary releases 
are necessary or warranted once populations are established (Armstrong and Ewen 
2001, Schaub et al. 2009).  
Seddon et al. (2007) recommend the use of some form of population viability analysis 
(PVA) in evaluating the likely outcomes of translocation programs, particularly in the 
medium to long term. Use of PVA requires quantitative knowledge of the demographic 
parameters of the translocated population in question; however, preliminary models 
can  be  refined  as  more  information  becomes  available  (Possingham  et  al.  1993). 
Sensitivity  analyses  can  be  carried  out  to  determine  which  parameters  are  most 
important for population viability (Southgate and Possingham 1995); further research Chapter 1 – Introduction 
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can concentrate on these through an adaptive management approach (Armstrong et 
al. 2007).  
Predation  rates  by  exotic  predator  species  upon  native  prey  can  be  modelled  to 
determine the maximum predator levels that can coexist with a reintroduced prey 
species without populations of the latter declining to extinction (McCallum et al. 1995, 
Short and Turner 2000). In the Australian context, high prey densities and low exotic 
predator pressure are generally required for predator-prey coexistence (Sinclair et al. 
1998). Moreover, the low reproductive rates of most native prey relative to exotic 
predator killing capacities and the low carrying capacities of many Australian habitats 
generally mean that only low predator numbers can be sustained in most sites (Short 
and Turner 2000). In situations when predators are present, therefore, it is important 
that sufficient refuges for prey are available and that predator numbers are strictly 
controlled (Morris et al. 2004, Sinclair et al. 1998).  
Health and disease issues are frequently ignored in translocations (Cunningham 1996, 
Mathews et al. 2006, Viggers et al. 1993, Woodford and Rossiter 1994). However, the 
importance  of  evaluation  of  the  health  status  of  translocated  animals,  along  with 
assessment  of  disease  risks  associated  with  translocation,  has  been  increasingly 
recognised and become gradually more routine (Chipman et al. 2008, Jakob-Hoff 1999, 
Kock et al. 2007, Woodford 2000). Although disease is only occasionally implicated as a 
cause of translocation failure, it has the potential to decimate populations of both 
translocated and sympatric species and is particularly important when population sizes 
are small (Daszak and Cunningham 1999, de Castro and Bolker 2005, Pedersen et al. 
2007). Examples of disease-induced population declines are provided in Section 1.3.  
1.2.2 Conditions for success and causes of failure 
Meta-analyses of published translocation programs have identified conditions under 
which successful outcomes are most likely (Fischer and Lindenmayer 2000, 1989, Wolf 
et al. 1996, Wolf et al. 1998). The authors of these meta-analyses, along with others, 
agree  that  outcomes  are  unlikely  to  be  favourable  if  the  conditions  causing  the 
previous decline are unaddressed, or if habitat quality is poor (IUCN 1998, Kleiman et Chapter 1 – Introduction 
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al. 1994). Unfortunately, it is not always possible to be sure which particular factors 
were  responsible  for  previous  declines,  and  assessment  of  habitat  quality  is  often 
subjective and involves multiple factors (Hall et al. 1997, Kearney 2006, Mitchell 2005).  
All meta-analyses found that translocation success was positively related to the size of 
the founder population (>100 animals was best in the studies reviewed by Fischer and 
Lindenmayer (2000), and some found that animals sourced from wild populations were 
more likely to succeed than those that utilised captive-bred individuals (Fischer and 
Lindenmayer 2000, Griffith et al. 1989). Reintroductions into the core rather than the 
periphery of a species’ former range were also more likely to be successful (Griffith et 
al.  1989,  Wolf  et  al.  1998).  Protection  from  predation  is  essential,  especially  in 
Australia  (Armstrong  et  al.  2006,  Friend  and  Thomas  1994,  McCallum  et  al.  1995, 
Moseby and O'Donnell 2003, Richards and Short 2003, Short et al. 1994, Sinclair et al. 
1998), and low numbers of competitors are often advantageous (Kenward and Hodder 
1998, Pietsch 1994).  
In  general,  successful  translocations  are  more  likely  to  be  reported.  Reporting  of 
failures, however, provides useful information for future programs and minimises the 
repetition of mistakes (Fischer and Lindenmayer 2000). Reports of translocation failure 
commonly cite predation as the main causal factor, especially in Australia. Short et al. 
(1992)  reviewed  the  outcomes  of  several  macropod  translocations,  most  of  which 
failed due, at least in part, to high levels of fox and/or cat predation. A high proportion 
of the marsupial translocations within WA reviewed by Morris  (2000) and Mawson 
(2004) also failed due to predation by exotic mammalian carnivores, particularly in the 
years prior to instigation of widespread 1080-baiting for fox control. Other examples of 
documented translocation failures are summarised in Table 1.1.  
Although predation by foxes and/or cats was the most commonly cited cause of failure 
of Western Australian translocation projects, drought, lack of refuges, low founder 
numbers and overgrazing by domestic stock and rabbits also contributed to reduced 
translocation success (Mawson 2004, Morris 2000, Short et al. 1992). Other reported 
causes of translocation failure include competition with sympatric species for food or Chapter 1 – Introduction 
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territory, stress associated with adapting to a new environment, low founder numbers 
and poor quality habitat (Table 1.1).  
 
Table 1.1 Some published examples of translocation failures and others in which persisting 
population sizes were low. The time-frames between translocation and failure are provided 
and the purported causes of failure/limitation are listed.  
Species  Location  Time frame 
Cause of failure or 
population limitation 
Reference 
Burrowing bettong 
(Bettongia lesueur) 
Gibson Desert  7 weeks  Cat predation 
(Christensen and 
Burrows 1994) 
Chuditch (Dasyurus 
geoffroii) 
Lane Pool in 
northern jarrah 
forest, WA 
Few months 
Fox predation and 
competition with foxes 
(Morris et al. 
2003) 
Rufous hare wallaby 
(Lagorchestes hirsutus) 
and banded hare 
wallaby (Lagostrophus 
fasciatus) 
Peron Peninsula, 
Shark Bay, WA 
12 months  Cat predation 
(Morris et al. 
2004) 
Malleefowl  
(Leipoa ocellata) 
NSW wheat-belt  3 months 
Fox predation and lack 
of refuges 
(Priddel and 
Wheeler 1994) 
Woylie (Bettongia 
penicillata) 
Western NSW  13 months  Cat predation 
(Priddel and 
Wheeler 2004) 
Red squirrels (Sciurus 
vulgaris) 
United Kingdom  4 months 
Competition with 
sympatric species; 
Predation 
(Kenward and 
Hodder 1998) 
Common brushtail 
possum (T. vulpecula) 
Victoria  <10 weeks 
Competition with 
conspecifics 
(Pietsch 1994) 
N.Z. saddlebacks 
(Philesturnus 
carunculatus) 
New Zealand 
Few weeks; 
2-3 years 
Predation;   
Low founder numbers 
(Lovegrove 1996) 
Quokka (Setonix 
brachyurus) 
Harry Waring 
Reserve 
Not specified 
Poor quality habitat: 
Predation 
(Morris 2000) 
Noisy scrub bird 
(Atrichornis clamosus) 
Walpole-Nornalup 
National Park, WA 
2-3 years  Poor quality habitat  (Danks 1994) 
Beaver (Castor fiber)  Europe  15 years 
Climate effects on 
nutrition 
(Nolet et al. 
2005) 
Rabbit (Oryctolagus 
cuniculus) 
France  6 weeks  Stress  (Letty et al. 2000) 
Numbat (Myrmecobius 
fasciatus) 
WA wheat-belt  7+ years 
Prey naïveté;  
Lack of refuges 
(Friend and 
Thomas 2003) 
Brush-tailed phascogale 
(Phascogale tapoatafa) 
Gippsland, Victoria  6 months 
Fox and cat predation;  
Prey naïveté 
(Soderquist 1994) 
 
Successful translocations, on the other hand, are frequently characterised by effective 
predator removal/exclusion, presence of suitable refuges, quality habitat and large 
founder numbers (Fischer and Lindenmayer 2000, Griffith et al. 1989, McCallum et al. 
1995,  Richards  and  Short  2003,  Wolf  et  al.  1998).  Some  examples  of  successful Chapter 1 – Introduction 
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translocations within Australia are summarised in Table 1.2; however, the time periods 
over which animals were monitored for the translocation to be considered successful 
were variable.  
 
Table 1.2 Some published examples of successful translocations within Australia. The time-
frames over which the monitoring took place are provided and the factors contributing to the 
successful outcomes are listed.  
Species  Location  Time frame 
Factors contributing 
to success 
Reference 
Golden bandicoot 
(Isoodon auratus) 
Gibson Desert  10 weeks  Dingo and fox control 
(Christensen and 
Burrows 1994) 
Chuditch (Dasyurus 
geoffroii) 
Three sites in 
WA 
2, 4 and 8 
years 
1080-baiting for fox 
control 
(Morris et al. 2003) 
Woylie (Bettongia 
penicillata) 
Perup Nature 
Reserve, WA 
13 years 
Dense vegetation for 
refuges 
(Short et al. 1992) 
Numbat (Myrmecobius 
fasciatus) 
Boyagin Nature 
Reserve, WA 
wheat-belt 
15+ years 
1080-baiting for fox 
control 
(Friend and Thomas 
1994, 2003) 
Noisy scrub bird 
(Atrichornis clamosus) 
Mt Many Peaks, 
WA 
7+ years  Suitable habitat  (Danks 1994) 
Rufous hare wallaby 
(Lagorchestes hirsutus) 
Tanami Desert  2 years  Fenced enclosure  (Gibson et al. 1994) 
Bilby (Macrotis lagotis)  Northern SA  1.5 years  Fenced reserve 
(Moseby and 
O'Donnell 2003) 
Bilby (Macrotis lagotis) 
Peron Peninsula, 
Shark Bay, WA 
4 years  Fenced-off peninsula  (Morris et al. 2004) 
Malleefowl  
(Leipoa ocellata) 
Peron Peninsula, 
Shark Bay, WA 
4 years  Fenced-off peninsula  (Morris et al. 2004) 
Burrowing bettong 
(Bettongia lesueur) and 
Western barred 
bandicoot (Perameles 
bougainville) 
Heirisson Prong 
near Shark Bay, 
WA 
7 years 
(bettong);  
4 years (WBB) 
Fenced-off peninsula 
(Richards and Short 
2003, Short et al. 
1994, Short and 
Turner 2000) 
Woylies, Quenda, 
Tammar wallabies, 
Pebble-mound mice, 
Rock wallabies 
Various locations 
in WA 
variable 
Predator control; 
Absence of 
introduced predators 
(Morris 2000) 
Bilbies, Burrowing 
bettongs, Western-
barred bandicoots and 
other small marsupials 
Dryandra 
Woodland, WA 
wheat-belt 
3+ years  Fenced enclosure  (Friend et al. 2001) 
 
Although predation by introduced exotic mammalian carnivores in Australia and New 
Zealand limits the capacity of populations of native marsupial and avian species to 
persist in mainland habitats, many native species have been successfully translocated 
to predator-free islands in both countries (Abbott 2000, Armstrong and McLean 1995, Chapter 1 – Introduction 
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Bougher and Friend 2009, Delroy et al. 1986, Garkaklis et al. 2003, Lovegrove 1996, 
Moro 2003, Taylor et al. 2005). Predator-exclusion fences are another effective means 
of protecting vulnerable marsupial species from extinction (Hayward and Kerley 2009, 
Moseby and Read 2006, Moseby et al. 2009). Examples of successful translocations of 
threatened Australian species into fenced enclosures and fenced-off peninsulas are in 
Table 1.2.  
The method of release used when translocating animals may affect their subsequent 
survivorship,  especially  in  the  initial  days  and  weeks  after  release  (Kleiman  1989). 
Release methods tend to be categorised as “hard” or “soft” depending on the amount 
of supplementary food and/or shelter provided to animals in their new site. Some 
species survive better following “soft” release, such as water voles (Arvicola terrestris), 
which survive best in the short term when translocated into enclosures from which 
they  must  burrow  out  (Moorhouse  et  al.  2009),  and  dormice  (Muscardinus 
avellanarius), when they are kept for several days in food-supplemented pens at the 
translocation site before being allowed to depart (Bright and Morris 1994).  
Other  species  do  not  seem  to  benefit  noticeably  from  “soft”  release  methods; 
examples include rufous and banded hare-wallabies (Hardman and Moro 2006) and 
New  Zealand  saddlebacks  (Philesturnus  carunculatus)  (Lovegrove  1996).  Potential 
benefits  of  “soft”  release  methods  include  reduced  disorientation,  due  to  gradual 
familiarity with the new site and thus less associated stress; energy supplementation 
during the period that animals must find new food supplies; and reduced territorial 
and predation pressure, due to decreased stress-related dispersal behaviour (Bright 
and Morris 1994). In some cases, “soft” release might favour some individuals more 
than others; for example, female rabbits survived better than males following “soft” 
release, and vice versa for “hard” release (Letty et al. 2000). The choice of a suitable 
release  protocol  for  a  particular  species  may  warrant  a  small-scale  experimental 
approach in the first instance to determine the most suitable method (Armstrong and 
Seddon 2008, Soderquist 1994). As “soft” release methods are usually expensive and 
often logistically difficult, it is worth ascertaining the need for such an approach early 
in the planning process (Hardman and Moro 2006).  Chapter 1 – Introduction 
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Although translocation success often depends on extrinsic conditions (habitat quality, 
competition  and  predation  pressure),  survival  of  translocated  animals  may  also  be 
affected by intrinsic factors such as health, behaviour and personality. The importance 
of  health  assessment  is  now  widely  acknowledged  (Ballou  1993,  Bush  et  al.  1993, 
Cunningham 1996, Jakob-Hoff 1999, Kock et al. 2007, Mathews et al. 2006, Parker et 
al.  2006,  Viggers  et  al.  1993,  Woodford  and  Rossiter  1994,  Woodford  2000).  The 
relationships  between  health  and  survival  of  endangered  species  are  discussed  in 
detail in Section 1.3.  
Behaviour traits may affect an individual’s capacity to respond effectively to predation 
threats (McLean et al. 1996). Translocated native marsupials, especially those raised in 
captivity, are often inexperienced in predator recognition and ability to respond to 
threats. There is considerable evidence that Australian marsupials are not well adapted 
to recognize introduced eutherian predators (Banks 1998, Banks and Dickman 2007) 
due to thousands of years of evolutionary isolation (Cox and Lima 2006) and rapid 
breakdown  of  learned  anti-predator  behaviour  in  the  absence  of  predator  species 
(Blumstein et al. 2004). However, it has also been shown that some marsupials can be 
trained to recognize non-native predator species through association of unpleasant 
stimuli with realistic models of such predators (Griffin et al. 2000, McLean et al. 1994, 
1996, McLean et al. 2000) and that responses can also be learned through observation 
of the reactions of congeners to such stimuli (Griffin and Evans 2003).  
Pre-release  training  has  been  recommended  as  a  management  strategy  worth 
pursuing, especially for release of captive-bred animals (Griffin et al. 2000). There is 
evidence that pre-release exposure of captive numbats to raptors, in association with 
bird alarm calls, may improve survival during the first five months after release (Friend 
and  Thomas  2003);  however,  there  are  few  other  Australian  studies  documenting 
positive  effects  of  pre-release  antipredator  training  on  translocation  success.  Two 
documented examples from overseas include improved survival of houbara bustards 
(Chlamydotis [undulate] macqueenii) following pre-release exposure to a live predator 
(van Heezik et al. 1999) and improved post-release survival of juvenile prairie dogs 
(Cynomys  ludovicianus)  exposed  to  living  and model  predators,  in  association  with 
alarm  vocalisations,  whilst  in  captivity  (Shier  and  Owings  2006).  Although  it  is Chapter 1 – Introduction 
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expensive to set up and test pre-release training techniques for a particular species, 
once such programs have been developed they are less costly to implement, especially 
if continued animal releases are planned over a long time period (McLean et al. 1996).  
Personality traits are often overlooked in assessments of translocation success, largely 
because they are difficult to measure. The importance of the fitness consequences of 
differences in animal personality is only starting to become recognized (Bell 2007, Biro 
and Stamps 2008, Boon et al. 2007, 2008, Careau et al. 2008, Dingemanse and Réale 
2005, Dingemanse et al. 2010, McDougall et al. 2006, Sih et al. 2004, Stamps 2007, 
Wolf et al. 2007). Personality can be defined as consistent individual differences in 
behaviour (Boon et al. 2007), the fitness consequences of which may be expressed 
through variations in energy expenditure and behavioural traits.  
Outside  of  the  translocation  context,  optimal  personality  should  vary  with 
environmental  conditions,  leading  to  trade-offs  with  aspects  of  life  history 
(Adriaenssens and Johnsson 2009, Biro and Stamps 2008, Dingemanse and Réale 2005, 
Stamps  2007,  Wolf  et  al.  2007).  For  example,  boldness  and  increased  exploratory 
behaviour  may  be  advantageous  in  years  when  resources  levels  are  high;  active 
animals  with  high  metabolic  rates  can  maximize  their  use  of  such  resources  and 
therefore  grow  fast  and  reproduce  effectively  (Careau  et  al.  2008).  However,  in 
resource-scarce years, shy, less inquisitive individuals with lower metabolic rates may 
benefit most through more effective conservation of body condition. Personality may 
be, therefore, an important component of translocation success for both energetic and 
behavioural reasons. If resources are limited, bold individuals may experience a net 
loss in energy such that they become more susceptible to disease due to lowered 
immune function, or to predation due to engaging in more risky foraging behaviour 
(Sih et al. 2004). However, in better environmental conditions bold individuals may 
disperse more effectively, thus limiting density-dependent stress effects, and be more 
capable of foraging and reproducing effectively. Stress-prone individuals may fare less 
well than calm-natured animals if the stress associated with capture, captivity and 
transportation incurs a biological cost great enough to divert resources away from 
immunity or reproduction (Teixeira et al. 2007). Stress may also reduce cognition to Chapter 1 – Introduction 
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such an extent that an animal’s ability to learn the locations of resources and safe rest 
sites is compromised (Teixeira et al. 2007).  
There is growing empirical evidence to indicate the existence of two distinct coping 
styles among individuals within wild animal populations (Hessing et al. 1995, Koolhaas 
et  al.  1999,  Koolhaas  et  al.  2007).  A  coping  style  is  defined  as  “a  coherent  set  of 
behavioural and physiological stress responses which is consistent over time and which 
is characteristic of a certain group of individuals” (Koolhaas et al. 1999). Coping styles 
can  be  classified  as  proactive/aggressive  or  reactive/non-aggressive,  and  are 
characterised  by  differing  neuroendocrine  characteristics  and  immune  reactivity 
(Bolhuis et al. 2003, Hessing et al. 1995, Koolhaas et al. 1999, Koolhaas 2008, Marsland 
et al. 2002). Proactive animals show high levels of territoriality and aggression, will 
actively avoid novel stressful or fear-inducing situations, easily develop routines, and 
do best under stable or predictable environmental conditions. Reactive individuals, on 
the other hand, are less aggressive, less overtly territorial, react with immobility to 
stressful  novel  situations,  are  flexible  in  their  ability  to  respond  to  environmental 
challenges and, consequently, do better in unpredictable situations than do animals 
with proactive coping styles (Koolhaas et al. 1999, Quinn and Cresswell 2005).  
Links  between  coping  styles,  stress  responses  and  immune  reactivity  have  been 
demonstrated  in  various  animal  species  (Bolhuis  et  al.  2003,  Hessing  et  al.  1995, 
Koolhaas et al. 1999, Koolhaas 2008, Marsland et al. 2002, Ruis et al. 2001).  The 
proactive coping style is associated with high sympathetic reactivity accompanied by 
high  catecholamine  (adrenaline  and  noradrenaline)  secretion,  while  the  reactive 
coping style involves high parasympathetic reactivity and high plasma corticosterone 
levels (Koolhaas et al. 1999). There is evidence that animals with proactive coping 
styles  are  more  vulnerable  to  development  of  gastric  ulcers  when  subjected  to 
uncontrollable stress (Koolhaas et al. 1999, Ruis et al. 2001). Immune reactivity also 
differs between animals with different coping styles: cell mediated immunity tends to 
be highest in proactive individuals while humoral immunity is greater in the reactive 
group (Hessing et al. 1995, Koolhaas et al. 1999, Koolhaas 2008). This suggests that 
individuals with different coping styles may be vulnerable to different types of disease.  Chapter 1 – Introduction 
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Few  studies  have  yet  been  carried  out  to  investigate  the  influence  of  individual 
personality traits and coping styles on wildlife translocation success. The hypothesis 
that  personality  can  influence  post-release  survival  is  supported  by  the  results  of 
Bremner-Harrison et al. (2004), who found that survival of swift fox (Vulpes velox) kits 
which had achieved higher “boldness” scores in pre-release tests died sooner after 
release  than  did  their  less  bold  conspecifics.  Outside  of  the  translocation  context, 
positive correlations of boldness with growth rates and fecundity have been observed 
for  wild  animal  species  (Biro  and  Stamps  2008,  Stamps  2007,  Wolf  et  al.  2007). 
Incorporation  of  measures  of  personality  into  population  viability  models  via 
alterations  of  demographic  parameter  values  may  help  predict  the  long  term 
outcomes of translocation programs more accurately than would otherwise be the 
case, especially if the surviving founder population is dominated by individuals of one 
or other personality type or coping style.  
1.2.3 Western Shield Translocations in WA 
Fauna  translocations  have  become  popular  in  recent  years  within  WA,  particularly 
since the instigation of widespread 1080-baiting for fox control under Western Shield 
in  1996  (Mawson  2004,  Morris  2000,  Morris  et  al.  2004).  Thirty-nine  fauna 
reconstruction  and  species  recovery  sites  were  listed  in  the  draft  “Western  Shield 
Strategic Plan 1999-2004”; these were sites at which vertebrate communities were to 
be reconstructed or threatened species conserved through predator control, habitat 
management  or  translocations  (Mawson  2004).  Twenty-five  fauna  species  were 
translocated into 18 of these 39 sites, plus several unlisted sites, during the period 
1996-2002 (Mawson 2004). Out of 88 translocation events that took place during this 
period, 17 were deemed successful, nine had failed and outcomes for the remainder 
were still pending by 2003. Criteria for success were variable and, for some species, 
had  not  been  defined.  Failures  were  attributed  to  inadequate  control  of  exotic 
predators in most cases, exacerbated by low founder numbers in some. Feral cats were 
responsible for translocation failures of woylies, western-barred bandicoots, banded 
hare-wallabies  and  rufous  hare-wallabies  in  some  of  the  fox-free  areas  (Mawson 
2004).  Chapter 1 – Introduction 
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Woylie translocations carried out into 1080-baited areas prior to Western Shield were 
so successful that the species was de-listed from the IUCN Threatened Species List in 
1996 (Mawson 2004). In 1998 the threat status of both the tammar wallaby and the 
quenda was down-graded under Western Australian legislation, partially as a result of 
successful  translocations  under  Western  Shield  (Mawson  2004).  Unfortunately 
recovery  of  the  woylie  has  been  short-lived,  and  many  populations  have  declined 
severely since 2002 for reasons that are currently unclear, although predation by feral 
cats is an obvious contributory factor (Wayne 2009). Overall, translocation outcomes 
under Western Shield have been claimed to be positive; however, recent evidence of 
population limitations due to predation by increasing numbers of cats following fox-
control (de Tores and Berry 2007, de Tores and Marlow 2009, de Tores and Marlow in 
press) and to worsening effects of drought and climate change, is cause for concern.  
Translocation is an ongoing component of wildlife management in WA, particularly in 
association with Western Shield and other predator exclusion programs. The Western 
Australian Department of Environment and Conservation (DEC) is currently engaged in 
translocation for research and/or management purposes of P. occidentalis, burrowing 
bettongs,  bilbies,  rufous  hare  wallabies,  numbats,  T. vulpecula,  and  the  Gilbert’s 
potoroo  (Potorous  gilbertii)  among  others  (DEC  2009).  Translocation  has  been 
incorporated into the management of coastal populations of P. occidentalis since 1991, 
as an experimental measure to compensate for the loss of habitat due to building 
development within the species core range  (de Tores et al. 2005a, de Tores et al. 
2005b, de Tores et al. 2008a, de Tores et al. 1998, de Tores et al. 2004). The history 
and current status of P. occidentalis work is described in detail in Section 1.5.1.  
1.3 DISEASE AND ENDANGERED POPULATIONS 
1.3.1 Extinction risks for small populations 
Small reintroduced or remnant populations are at risk of extinction through a variety 
of processes to which larger robust populations are more resilient (Gilpin and Soulé 
1986).  Some  animal  populations  show  a  positive  relationship  between  population Chapter 1 – Introduction 
  25 
growth rate and density when population size is small. This relationship is known as 
the Allee effect (Allee 1931, Berec et al. 2006, Courchamp et al. 1999a, Stephens and 
Sutherland 1999, Stephens et al. 1999) and is particularly relevant to the management 
of  endangered  species  and  translocated  populations,  as  the  chances  of  a  small 
population persisting over time are lowered when mechanisms leading to Allee effects 
operate.  
Allee  effects  can  be  driven  by  processes  intrinsic  to  the  species  life-history 
characteristics  or  by  extrinsic  factors  (Angulo  et  al.  2007,  Kramer  et  al.  2009). 
Decreased reproductive capacity and inbreeding depression are two common intrinsic 
mechanisms  leading  to  accelerating  rates  of  population  decline  at  low  animal 
densities. The chance of finding a mate is often reduced when population density is 
low;  in  addition,  the  energetic  requirements  of  doing  so  may  become  greater 
(Stephens and Sutherland 1999). Limited genetic variability is a common property of 
small or translocated populations and can lead to decreased individual fitness and 
reduced ability to adapt to environmental change through natural selection (Berec et 
al.  2006,  Lenormand  et  al.  2009).  Small  populations  are  also  more  susceptible  to 
declines driven by demographic stochasticity, i.e. random variations in recruitment or 
mortality  rates.  Increasing  variance  in  population  growth  rate  is  common  in  small 
populations (Gilpin and Soulé 1986), which leads to further instability in population 
size over time.  
Extrinsic mechanisms that lead to decline and extinction of small populations include 
environmental  stochasticity,  deterministic  processes  and  disease  (Gilpin  and  Soulé 
1986, Lenormand et al. 2009, Stephens and Sutherland 1999). Small populations are at 
risk from random events such as drought, fire, and cyclones, especially if the frequency 
of  events  is  high.  Deterministic  forces,  such  as  ongoing  habitat  destruction  or 
introduction  of  predator  species,  can  reduce  population  sizes  to  levels  at  which 
stochastic events may exterminate them (Angulo et al. 2007, Gascoigne and Lipcius 
2004). Introduction of disease into a population may have a similar effect, and it is thus 
important that the risks of disease transmission are considered during the planning 
phase  of  animal  translocation  programs  (Armstrong  et  al.  2003,  Ballou  1993, 
Cunningham 1996, Woodford and Rossiter 1994).  Chapter 1 – Introduction 
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1.3.2 Disease and extinction risk 
Disease can drive endangered populations to such low levels that other effects such as 
demographic and environmental stochasticity, genetic bottlenecks and predation can 
lead to extinction (Daszak and Cunningham 1999, de Castro and Bolker 2005, Pedersen 
et al. 2007, Smith et al. 2006). Disease is most likely to cause population declines if the 
pathogen is novel to the host, if the pathogen utilizes a reservoir (biotic or abiotic), or 
if the host population is very small. Low genetic variability may predispose groups of 
animals  to  disease  (O'Brien  et  al.  1985)  and  the  likelihood  of  a  small  population 
succumbing  to  disease  is  increased  if  habitat  degradation  leads  to  nutritional  or 
behavioural  stress  (Blaustein  and  Kiesecker  2002,  Bradley  and  Altizer  2007,  Scott 
1988).  
Instances where extinction of endangered species has been attributed to disease alone 
are rare and often unconfirmed. Disease has been implicated in the rapid decline and 
resultant  extinction  of  the  Tasmanian  thylacine  (Thylacinus  cynocephalus)  between 
1906  and  1910  (Guiler  1961).  Avian  pox  is  believed  responsible  for  extinctions  of 
various species of Hawaiian avifauna during the late 1800s; further extinctions during 
the early 1900s have been attributed to avian malaria (van Riper III et al. 1986). An 
outbreak of canine distemper extirpated the last wild colony of black-footed ferrets 
(Mustela nigripes) in Wyoming, USA (May 1986, Thorne and Williams 1988), leaving 
only 18 captive animals in existence. The first documented extinction due specifically 
to disease was that of a species of snail, Partula turgida, which existed only in captivity 
at the time (Cunningham and Daszak 1998). More recently, the sharp-snouted day frog 
(Taudactylus acutirostris) has gained the dubious honour of becoming the first wild 
species to become extinct as a result of disease (Schloegel et al. 2006). Its extinction 
was due to chytridiomycosis (caused by Batrachochytrium dendrobatidis), the fungal 
disease responsible for widespread and continuing amphibian declines in Australia and 
elsewhere around the globe (Berger et al. 1998, Kilpatrick et al. 2010).  
Disease  has  been  a  major  contributor  to  population  decline  in  many  other  cases, 
including  population  declines  of  avian  species  in  North  America  following  the 
emergence of West Nile virus (LaDeau et al. 2007), local extinctions of the African wild Chapter 1 – Introduction 
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dog  (Lycaon  pictus)  in  the  Serengeti  due  to  viral  disease  (Burrows  et  al.  1995),  a 
catastrophic decline in Santa Catalina Island foxes (Urocyon littoralis catalinae) due to 
canine distemper in 1999 (Timm et al. 2009) and decline of the critically endangered 
Iberian lynx in 2007 due to feline leukemia virus (López et al. 2009). A newly-described 
fungal disease has caused the deaths of more than a million cave-roosting bats in the 
USA over recent years (Puechmaille et al. in press). Other disease-induced declines in 
wildlife species are summarized in de Castro and Bolker (2005); in most cases, small 
population size contributed to the severity of the declines.  
Highly pathogenic host-specific diseases tend to die out before causing complete host 
extinction, due to reduced transmission rates at low host densities (Anderson 1979, 
Anderson and May 1979, McCallum 1994b, McCallum and Dobson 1995). However, if 
an abundant reservoir host is available, in which the disease is less pathogenic and 
thus able to persist, then instances of “spill-over” of the disease into populations of 
spatially-coincident susceptible host species can occur on a regular basis (Bradley and 
Altizer  2007,  Daszak  et  al.  2000,  2001,  de  Castro  and  Bolker  2005,  Fenton  and 
Pedersen 2005, Gog et al. 2000, Kramer-Schadt et al. 2009). If the susceptible host 
populations are small, as is the case  for most endangered species, then extinction 
probability is high. Reservoir host species therefore permit persistence of pathogens 
that otherwise might die out in low density host populations (McCallum 1994b).  
The effects of a reservoir will depend on how much contact there is between it and the 
susceptible host and how easily the disease can persist in the newly infected host 
species. A well-known example of a disease reservoir host species is the grey squirrel 
(Sciurus carolinensis) in the United Kingdom (UK). Grey squirrels are exotic to the UK, 
originating  from  America.  Their  introduction  to  the  UK  has  resulted  in  population 
declines  of  the  native  red  squirrel  (Sciurus  vulgaris),  due  to  infection  with  a 
paramyxovirus to which the red squirrel is highly susceptible, while the grey squirrel is 
not (Kenward and Hodder 1998, Rushton et al. 2000, Sainsbury et al. 2000, Tompkins 
et al. 2003). High proportions of carrier animals within grey squirrel populations result 
in frequent infections of red squirrels and high rates of clinical disease and death. This, 
combined  with  aggressive  inter-specific  competition  for  food  and  territory,  which 
favours  grey  squirrels,  has  lead  to  widespread  population  decline  of  red  squirrels Chapter 1 – Introduction 
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(Kenward and Hodder 1998, Tompkins et al. 2003). Other examples of transmission of 
disease from reservoir hosts to endangered species include rabies transmitted from 
domestic dogs to African wild dogs (Kat et al. 1995), plague transmitted from rodents 
to prairie dogs (Stapp et al. 2009), parasites transmitted from ring-necked pheasants 
(Phasianus colchicus) to grey partridges (Perdix perdix) (Tompkins et al. 2000), and 
rinderpest transmitted from cattle (Bos Taurus) to wild ungulate species (Gog et al. 
2000 and references therein).  
The likelihood of a small population succumbing to disease is increased if factors such 
as habitat degradation or translocation lead to nutritional or behavioural stress. Stress 
can be defined as threatened or disrupted homeostasis provoked by a psychological, 
environmental  or  physiological  stressor  (Black  1994).  Examples,  in  the  context  of 
animal translocation, include: psychological stress associated with translocation and 
competition for rest sites within a new environment; physiological stress associated 
with the nutritional limitations of the new environment and loss of body condition 
during the translocation process; and environmental stress associated with the need to 
adapt to different climatic conditions and to novel pathogens, parasites and predators. 
Multiple factors are likely to influence translocated individuals, and levels of stressors 
may vary seasonally or by location.  
The  physiology  of  stress  involves  the  hypothalamic-pituitary-adrenal  system,  and 
effects  are  mediated  through  release  of  corticosteroids  and  catecholamines  (Black 
1994).  Prolonged  stress  is  particularly  deleterious,  as  long  term  elevation  of  these 
hormones can have significant immunosuppressive effects (Padgett and Glaser 2003). 
Stress also acts to decrease levels of growth hormone and prolactin, both of which are 
important in maintaining immunocompetence (Black 1994). The immunosuppressive 
effects  of  stress,  whatever  the  proximate  cause,  will  ultimately  lead  to  increased 
susceptibility to parasites and pathogens, as well as increased energy expenditure and 
resultant loss in body condition.  
The effects of parasitism are particularly easily influenced by stress, as some parasites 
are always present at low levels and numbers can increase markedly when hosts are 
immunosuppressed due to stress or starvation. High parasite burdens can lead directly Chapter 1 – Introduction 
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to morbidity and death (May and Anderson 1979) but more often result in poor body 
condition, increased susceptibility to predation and reduced fecundity (Alzaga et al. 
2008, Hudson et al. 1998, Ives and Murray 1997, McCallum 1994b). In some cases 
behavioural changes may be induced by the pathogen, leading to higher predation 
rates than normal; for example, infection by Toxoplasma gondii, a protozoan parasite 
carried by cats, causes increased boldness in some secondary host species (such as 
rodents), making them more susceptible to predation by cats (Lamberton et al. 2008, 
Webster 2007).  
Complex  relationships  between  nutrition,  parasitism,  stress  and  predation  are 
apparent  in  natural  systems,  especially  those  involving  species  prone  to  cyclic 
fluctuations  in  numbers  (Ives  and  Murray  1997,  Pedersen  and  Greives  2008). 
Population cycles of snowshoe hares (Lepus americanu) are more likely to occur when 
the effects of parasites and predators act together (Ives and Murray 1997), and the 
nutritional status of the hares affects their immunity to parasites (Murray et al. 1998). 
Food  supplementation  and  ivermectin  treatment  against  nematode  infection  act 
synergistically  to  greatly  reduce  population  cycles  in  wild  mice  (Peromyscus  spp.); 
either factor on its own has much less effect (Pedersen and Greives 2008). Ability of 
prey species to escape from predators is likely to be reduced when parasite levels are 
high, as has been found for willow ptarmigan (Lagopus lagopus) (Holmstad et al. 2007) 
and some rodent species (Voříšek et al. 1998). 
Health  underlies  translocation  success  because  of  its  relationship  to  survival  and 
reproductive  potential.  That  animals  remain  in  good  health  is  most  critical  during 
periods of harsh climate or poor food availability,  as well as when competitors or 
predators are present. It is important to avoid translocating animals into regions where 
diseases to which they have not previously been exposed are present, or into areas 
where  pathogen  levels  are  higher  than  at  the  sites  of  origin  (Cunningham  1996, 
Mathews et al. 2006, Viggers et al. 1993, Woodford and Rossiter 1994). Care must also 
be  taken  to  avoid  translocating  carriers  of  particular  diseases  or  pathogens  into 
environments  where  these  organisms  are  not  endemic.  Such  diseases  may  be 
transmitted  to  other  susceptible  species  at  the  translocation  sites,  with  possible Chapter 1 – Introduction 
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devastating consequences. Some documented examples of disease introduction via 
translocated animals are summarised in Table 1.3.  
 
Table 1.3 Some documented reports of diseases that have been introduced into naïve 
populations by translocation of infected animals from elsewhere.  
Disease  Origin  Introduced to:  Reference 
African horse sickness 
Namibian zebras (Equus 
burchelli) 
Spanish horses 
(Woodford and 
Rossiter 1994, and 
references therein) 
Parvovirus and Rabies 
Infected racoons 
(Procyon lotor) in some 
USA states 
Naïve skunk (Mephitis 
mephitis) and raccoon 
populations in other 
states 
Warble fly 
(Oedemagna tarandi) 
and Nostril fly 
(Cephenemyia trompe) 
Norwegian reindeer 
(Rangifer tarandus) 
Greenland caribou 
(Rangifer tarandus 
groenlandicus) 
Avian malaria 
Asian birds and 
mosquito vectors 
Hawaiian native birds 
(van Riper III et al. 
1986) 
Parapox virus 
Grey squirrels (Sciurus 
carolinensis) from North 
America (probable 
source) 
Red squirrels (Sciurus 
vulgaris) in UK 
(Rushton et al. 2000, 
Sainsbury et al. 
2000, Tompkins et 
al. 2003) 
 
Carriers  of  chronic  diseases  may  develop  clinical  illness  following  the  stress  of 
translocation,  leading  to  increased  disease  transmission  and  possible   population 
decline.  For  example,  latent  tuberculosis  became  activated  into  clinical  disease 
following  movement  of  Arabian  oryx  within  Saudi  Arabia  (Woodford  and  Rossiter 
1994). Translocated wildlife may also become  carriers and reservoirs of disease to 
which domestic stock are susceptible, as is the case with the introduced T. vulpecula in 
New Zealand which is a reservoir for bovine tuberculosis  (Caley and Ramsey 2001, 
Paterson et al. 1995).  
In their new environment, translocated animals may become infected with diseases to 
which they are not resistant. For example, koalas (Phascolarctos cinereus) that had not 
been  previously  exposed  to  paralysis  ticks  (Ixodes  holocyclus)  succumbed  to  the 
neurotoxin injected by biting ticks after translocation into an area where tick paralysis 
was  present  (Woodford  and  Rossiter  1994).  Other  examples  of  infection  of Chapter 1 – Introduction 
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translocated animals by organisms to which they had not previously been exposed are 
summarised in Table 1.4.  
 
Table 1.4 Some documented reports of infection of translocated animals with diseases 
endemic in the environments into which they were translocated.  
Disease 
Translocated 
species  
Origin 
Translocation 
site 
Effect of 
disease 
Reference 
Tick paralysis 
Koalas 
(Phascolarctos 
cinereus) 
Tick-free 
area in 
Victoria 
Tick-infested 
area nearby 
Death of 
25/50 koalas 
(Woodford 
and Rossiter 
1994, and 
references 
therein) 
Trypanosoma 
brucei 
White rhinoceros 
(Ceratotherium 
simum)  
Kenya  South Africa 
Death of 
10/10 
(Kock et al. 
2007) 
Babesia spp. 
North American 
bongo 
(Tragelaphus 
eurycerus isaaci) 
North 
America 
Mount Kenya 
Translocation 
failure 
Botulism 
Arabian oryx (Oryx 
leucoryx)  USA  Oman  Death  
(Stanley-Price 
1989) 
 
The importance of pre- and post-translocation health screening to avoid the risk of 
translocating  infected  individuals  into  pathogen-free  environments  and  to  detect 
evidence of disease in recipient animal communities has been advocated widely (Bush 
et al. 1993, Jakob-Hoff 1999, Kock et al. 2007, Mathews et al. 2006, Viggers et al. 1993, 
Woodford 2000). Health and disease screening is now more commonly incorporated 
into translocation programs (Kock et al. 2007, Mathews et al. 2006, McCutcheon et al. 
2007, Moro 2003, Parker et al. 2006, Warren et al. 2005). However, in practice, health 
screening is not easy or cheap to carry out. Apart from the obvious limitations of cost 
and  facilities  for  sample  analysis,  there  is  often  a  lack  of  knowledge  as  to  which 
diseases or parasites are likely to cause problems. Qualitative and/or quantitative risk 
analysis processes can assist in determining the likelihood of disease transmission for 
individual  translocation  programs  and  in  deciding  which  diseases  to  screen  for 
(Armstrong  et  al.  2003,  Ballou  1993,  Jakob -Hoff  1999,  Jakob-Hoff  et  al.  2001, 
Woodford 2000). Evaluations of costs can also be incorporated into the risk analysis 
process (Karesh 1993).  Chapter 1 – Introduction 
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Detailed  clinical  examinations of  individuals  by  suitable qualified  or  knowledgeable 
professionals, accompanied by standard haematological and biochemical analyses, are 
useful for determining whether animals are in good or poor health (Jakob-Hoff 1999, 
Kock et al. 2007, Viggers et al. 1993). Individuals with obvious evidence of clinical 
disease  should  not  be  translocated.  Serological  testing  for  evidence  of  subclinical 
diseases  or  carrier  status  of  animals  is  also  recommended  (Mathews  et  al.  2006, 
McCallum 2008, Parker et al. 2006, Viggers et al. 1993); the choice of diseases to be 
screened for should be based on prior knowledge of likely pathogens for the species 
and  environment  in  question.  Vaccination  of  susceptible  species  against  specific 
diseases could also be considered (López et al. 2009, Woodford 2000). Availability of 
testing  facilities  and  cost  will  influence  ultimate  decisions  on  screening  protocols 
(Karesh 1993).  
Intensive  post-release  health  and  survival  monitoring  of  translocated  animals  is 
important for many reasons. Prevalent diseases of low pathogenicity that may have 
been missed or disregarded during health screening may have major impacts on host 
persistence  if  they  affect  reproductive  rates  (McCallum  1994b).  Post-release 
monitoring may detect evidence of these. Post-release health screening is important to 
determine  the  general  health  and  nutritional  status  of  individuals,  and  to  monitor 
levels  of  exposure  to  diseases  that  may  be  present  in  the  new  environment. 
Monitoring of the health of sympatric species that are likely to suffer from similar 
diseases  is  also  important  to  ensure  that  no  pathogens  have  been  inadvertently 
introduced  into  the  ecological  community.  Carcass  examinations  and  necropsies  of 
animals  that  have  recently  died  provide  insight  into  causes  of  mortality  and 
information  on  incidence  of  disease.  Regular  surveys  also  determine  whether 
population  numbers  are  increasing,  decreasing  or  remaining  stable  (Kleiman  et  al. 
1994, Seddon et al. 2007) and provide information on  survival and reproductive rates 
of  the  translocated  population,  in  order  to  model  demographic  parameters  and 
determine  population  trajectories  (Nicoll  et  al.  2004,  Possingham  et  al.  1993, 
Southgate and Possingham 1995).  
Continued  long-term  monitoring  of  translocated  populations  is  desirable  so  that 
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(McCallum 2008, Scott 1988). This affords managers the best chance of determining 
causes  of  population  decline  before  it  is  too  late  to  respond  effectively.  Early 
recognition of change is particularly important if a disease outbreak is involved, as 
pathogen prevalence usually peaks before a marked population decline is observed 
and  evidence  of  disease  may  be  difficult  to  detect  after  the  event  (Abbott  2006, 
McCallum 1994b).  
1.3.3 Marsupial health and disease  
Although  Australian  marsupials  are  known  to  be  susceptible  to  a  wide  range  of 
diseases  in  the  captive  environment  (Fowler  and  Miller  2008,  Jackson  2007), 
occurrence  of  disease  in  wild  populations  is  infrequently  observed  (Ladds  2009). 
Documented  outbreaks  of  diseases  in  captive  marsupial  colonies  include: 
toxoplasmosis in zoo animals (Canfield et al. 1990, Dubey et al. 1988), herpesvirus in 
captive  macropods  (Dickson  et  al.  1980,  Finnie  et  al.  1976)  and  salmonellosis  in 
recently captured possums (Presidente 1978, 1984). Reports of major outbreaks of 
disease among wild marsupial populations are uncommon in the current literature, 
with two notable exceptions. The recent development and spread of the facial tumour 
disease of Tasmanian devils (Sarcophilus harrisii) has captured much attention over the 
past five years (Hawkins et al. 2006, Lachish et al. 2009, Lunney et al. 2008, McCallum 
2008). This is an unusual disease caused by an infectious tumour cell line (Pearse and 
Swift 2006), which is transmitted by biting. Development of resistance appears limited 
by the lack of genetic diversity within the Tasmanian devil population, probably related 
to a relatively recent genetic bottleneck (McCallum 2008). Chlamydiosis is a second 
well-studied disease, found in wild koalas, sometimes at high incidence (Brown and 
Grice  1984,  Cockram  and  Jackson  1981,  Timms  2005,  Whittington  2001).  Clinical 
disease  is  associated  with  stress,  particularly  that  due  to  habitat  fragmentation 
(Weigler et al. 1988).  
There are, however, also many anecdotal reports dating from the late 1800s and up to 
the mid 1900s of “disease” outbreaks among marsupial species that suggest disease 
may have played a role in limiting wild marsupial populations in the early years of 
European settlement. Disease is believed to have played a role in the extinction of the Chapter 1 – Introduction 
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thylacine  in  Tasmania  (Guiler  1961)  and  numerous  anecdotal  reports  collated  by 
Abbott (2006, 2008) suggest that disease was involved in the decline of many Western 
Australian marsupial species during the late 19
th and early 20
th centuries. Reports of a 
population crash of common ringtail possums in Tasmania in the summer  of 1954, 
associated with signs of disease including scouring, are documented in Thomson and 
Owen  (1964).  Historical  records  of  a  “plague-like”  decline  of  T. vulpecula  in  NSW, 
associated with a year of heavy rainfall in 1888, are reported by Kerle (2004). Disease 
may have been a contributing factor to the decline of mainland quokka populations 
during  the  1920s  (de  Tores  et  al.  2007).  Although  the  aetiology  of  such  possible 
diseases  can  only  be  speculative,  possible  candidates  include  introduced  parasitic 
diseases  which  rely  on  insect  vectors,  for  example  trypanosomiasis  (Abbott  2006, 
Smith  et  al.  2008),  and  diseases  spread  by  introduced  vertebrate  species,  such  as 
toxoplasmosis, for which the definitive host is the cat (Dubey 1994, Innes 1997). A 
variety  of  bacterial  or  viral  organisms  could  also  have  been  responsible  for  some 
sudden disease outbreaks; Salmonella outbreaks have been reported in the Rottnest 
Island quokka population (15 km offshore from Perth, WA) in recent times (de Tores et 
al.  2007,  Hart  1981).  Unfortunately,  without  suitably  preserved  blood  or  tissue 
samples, it is not possible to retrospectively identify causal agents or quantify past 
prevalence of disease.  
Most current evidence for the presence of disease among Australian marsupials is 
derived from serological and other sampling surveys of wild populations. A number of 
diseases  are  known to be  capable of  infecting  various  marsupial  species,  including 
possums,  in  the  wild.  These  include  toxoplasmosis,  leptospirosis,  cryptococcosis, 
chlamydiosis,  and  tuberculosis.  Bovine  tuberculosis  (TB),  caused  by  Mycobacterium 
bovis, has not been reported in wild possum populations in Australia, and Australia has 
been officially free of bovine TB since 1997. However, in New Zealand, TB is endemic in 
wild  T. vulpecula  populations  (Buddle  and  Young  2000,  Caley  and  Ramsey  2001, 
Paterson et al. 1995) and effective control of this possum species is thus of great 
significance to the cattle industry in New Zealand  (Caley and Ramsey 2001, Green 
1984). Trichosurus vulpecula, which was introduced from Australia into New Zealand in Chapter 1 – Introduction 
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the late 19
th century and early 20
th century (Efford and Cowan 2004, Green 1984), is 
the main reservoir for TB in that country. 
The other four diseases listed above (toxoplasmosis, leptospirosis, cryptococcosis, and 
chlamydiosis) have been reported in wild marsupials in Australia and are capable of 
causing  reductions  in  survival  and/or  reproductive  capacity  of  wild  populations, 
particularly when associated with stress. Moreover, all four diseases have zoonotic 
potential, and can also affect domestic pets and/or livestock.  The causal agents of 
these diseases are capable of infecting possums and, in the case of toxoplasmosis and 
leptospirosis, have been known to cause clinical illness; therefore, it was considered 
important to include them in the health screening aspect of this study. Each disease is 
described in detail below.  
a) Toxoplasmosis 
Toxoplasmosis is a zoonotic disease caused by Toxoplasma gondii which is an obligate 
intracellular protozoan parasite. The definitive hosts for T. gondii are cats and other 
felid species, in which the parasite is able to multiply and complete its life cycle (Dubey 
1994). Infection of animals with  T. gondii occurs via ingestion of oocysts from the 
faeces of cats. Oocysts can persist in the environment, especially in moist conditions, 
for periods of weeks or months (Afonso et al. 2006, Dubey 1994). After ingestion by a 
secondary host, oocysts release sporozoites; these multiply in the intestinal cells and 
lymph nodes to produce tachyzoites, which disperse in blood and lymph to the brain, 
liver and skeletal muscles where they form tissue cysts and cause disease. Tissue cysts 
from  an  infected  animal  must  then  be  consumed  by  a  felid  for  the  life  cycle  to 
continue.  Ingested  cysts  multiply  in  the  enteric  epithelium  of  the  cat  to  produce 
further oocysts (Dubey 1994, 1995).  
Animal species vary in their susceptibility to toxoplasmosis (Innes 1997, Johnson et al. 
1988). Domestic species such as cattle, sheep, pigs and horses (Equus caballus) are 
fairly resistant to infection, as are humans. Marsupials and New World monkeys are, 
however, highly susceptible to many strains of T. gondii, having evolved in the absence 
of  cats  (Innes  1997).  Infection  in  these  species  can  cause  severe  tissue  damage 
associated with dispersing and encysting tachyzoites, leading to a variety of clinical Chapter 1 – Introduction 
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signs including dyspnoea, coughing, neurological symptoms and blindness. Common 
pathology  includes  pulmonary  congestion,  oedema  and  consolidation,  adrenal 
enlargement,  upper  GIT  ulceration,  lymphadenomegaly,  splenomegaly,  and 
inflammation and necrosis within muscles (Canfield et al. 1990). Cysts are commonly 
found in muscle and nervous tissue after death.  
Toxoplasmosis has been reported as a clinical syndrome in a number  of marsupial 
species, especially in captive environments where contamination of food or the ground 
with  cat  faeces  occurs.  Examples  include:  deaths  of  captive  potoroos,  tammar 
wallabies and kangaroos following suspected contamination of food with faeces of 
stray cats (Patton et al. 1986), an epizootic outbreak of toxoplasmosis among captive 
black-faced kangaroos (Macropus fuliginosus melanops) in the USA associated with 
stray cats  (Dubey et al. 1988), and an outbreak of toxoplasmosis in captive Bennett’s 
wallabies (Macropus rufogriseus) in Argentina in the presence of stray cats (Basso et al. 
2007).  
Serological  evidence  of  infection  in  free-living  Australian  wildlife  has  also  been 
documented.  Positive  complement-fixation  tests  were  reported  for  a  number  of 
marsupials  in  Queensland,  including  kangaroos,  and  brushtail  and  ringtail  possums 
(Cooke and Pope 1959). Four percent of Bennett’s wallabies (151 tested) and 1.2% of 
Tasmanian  pademelons  (Thylogale  billardierii)  (85  tested)  possessed  specific 
antibodies  to  T.  gondii  (Johnson  et  al.  1989).  Seven  percent  of  eastern  barred 
bandicoots (Perameles gunnii) (150 tested) were positive for antibodies to T. gondii 
using direct and modified agglutination tests (Obendorf et al. 1996). Antibodies to T. 
gondii were present in 15% of bridled nailtail wallabies (Onychogalea fraenata) (39 
tested) in an asymptomatic reintroduced population in Queensland (Turni and Smales 
2001). Six of 23 wild common wombats (Vombatus ursinus) in the southern highlands 
of  NSW  tested  positive  for  T.  gondii,  and  appeared  to  be  chronically  and  latently 
infected (Hartley and English 2005). Six percent of 142 urban T. vulpecula in Sydney 
tested positive for antibodies to T. gondii (Eymann et al. 2006), and 4.8% of 126 free-
ranging T. vulpecula tested at Taronga Zoo, Sydney had antibodies to T. gondii (Hill et 
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Occasionally, obviously diseased animals have been observed in the wild. Clinically ill 
pademelons and Bennett’s wallabies were reported by Obendorf and Munday (1983). 
These authors suggested that a combination of stress and food shortage exacerbated 
the development of clinical disease in affected pademelons and Bennett’s wallabies in 
sheep  grazing  areas  of  Tasmania.  Obendorf  et  al.  (1996)  found  that  seropositive 
eastern  barred  bandicoots  subsequently  died  or  disappeared,  suggestive  of  the 
development of fatal clinical disease after initial infection. These results suggest that 
the  immune  response mounted by  infected  marsupials  is  frequently  insufficient  to 
overcome disease. Similar findings by Eymann et al. (2006) suggest the same for urban 
T. vulpecula. However a carrier status is believed to exist in some populations; for 
example Hill et al. (2008) found that individual T. vulpecula tested positive on more 
than  one  occasion  with  no  apparent  signs  of  illness,  and  the  wombats  tested  by 
Hartley and English (2005) appeared to be asymptomatic carriers.  
Stress is believed to be a factor in determining whether or not an infected marsupial is 
able  to  mount  an  effective  immune  response  to  T.  gondii;  therefore,  it  can  be 
hypothesised that exposure to the parasite may provide a threat to wildlife health and 
population persistence, particularly of translocated animals (Turni and Smales 2001) or 
populations  subject  to  threatening  processes,  such  as  habitat  loss,  environmental 
degradation  or  drought.  Presence  of  feral  cats  in  the  vicinity  of  such  populations 
constitutes a risk factor, especially for ground-dwelling herbivores. Ringtail possum 
species  are  probably  at  lower  risk  of  infection,  due  to  their  arboreal  nature  and 
restricted diet, than T. vulpecula, which spend considerable periods of time on the 
ground and consume a wider range of foods (Hume 2004, Kerle 2001).  
Screening of animals prior to and post translocation can determine whether or not 
toxoplasmosis is a risk factor or likely to affect post translocation survival. Turni and 
Smales  (2001)  found  that  15%  of  a  reintroduced  population  of  bridled  nail-tail 
wallabies at a site in QLD had antibodies to toxoplasmosis. This was considered a risk 
factor,  if  stressors  were  to  act  on  the  population  in  the  future  and  increase 
susceptibility of wallabies to clinical disease or reactivate chronic infections in these 
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There have been few surveys to determine the prevalence of toxoplasmosis among 
free-living marsupials in south-west WA. Of a total of 100 samples from 69 chuditch, 
16 animals tested positive for antibodies to T. gondii on at least one occasion, although 
clinical  disease  was  not  observed  (Haigh  1994).  Jakob-Hoff  and  Dunsmore  (1983)  
found that 32% of cats in the higher rainfall areas west of the Darling Ranges were 
seropositive in 1979. These authors also found antibodies to T. gondii in two of 25 
tammar wallabies tested from this region, but none in any of the 50 rabbits and 3 
quenda tested. High prevalence of antibodies has been observed in rabbits in some 
areas of Australia which may help perpetuate the parasite’s life cycle through feral cats 
(Munday 1970). The cat-rabbit host relationship does not seem to be important in WA 
(Jakob-Hoff and Dunsmore 1983), although data are limited.  
Serological testing for toxoplasmosis is carried out using agglutination tests on both 
untreated  serum  (direct  agglutination  test,  or  DAT)  and  on  serum  treated  with  2-
mercaptoethanol which destroys the non-specific Immunoglobulin M (IgM) component 
of antibody (modified agglutination test, or MAT) (Desmonts and Remington 1980, 
Dubey 1997, Johnson et al. 1989). The DAT reacts to both specific Immunoglobulin G 
(IgG) and IgM, and the MAT to specific IgG only. Early in infection there is an increase 
in IgM (detected by DAT), followed after 2-3 weeks by seroconversion and production 
of specific IgG which is detected by both DAT and MAT. Titres of ≥64 for both DAT and 
MAT are considered indicative of exposure to  T. gondii, while titres of <64 in DAT 
without MAT are negative and usually due to cross-reactions with non-specific IgM 
(Obendorf et al. 1996). Titres of >64 in DAT but no MAT are suspicious, as they may 
indicate early stages of infection (Obendorf et al. 1996), but can also occur due to non-
specific binding of IgM (Desmonts and Remington 1980). Re-testing within 2-3 weeks 
(if possible) is advised in these latter cases. On its own the DAT test lacks sensitivity 
and specificity but the MAT test is highly specific and sensitive for T. gondii (98-100%), 
and the combination of both tests is important for the detection of early stages of 
illness (Johnson et al. 1989, Obendorf et al. 1996). Protective immunity is partially 
humoral, but there is also an important cellular component involving production of 
cytokine IFNy by T-cells (Innes 1997).  Chapter 1 – Introduction 
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Although no serological surveys for antibodies to T. gondii have been carried out in 
possums in WA, there have been occasional suspected cases of disease or death due to 
toxoplasmosis in individual animals referred to veterinarians by wildlife rehabilitators; 
however, definitive testing was not carried out in these cases (F. Bradshaw
3 and U. 
Wicke
4, personal communication). Toxoplasmosis was diagnosed at necropsy in one 
recruit to the P. occidentalis population in Yalgorup National Park  (de Tores 2005). 
These occurrences appear to be isolated incidents; however, little is known about the 
underlying  prevalences  of  T.  gondii  within  wild  possum  populations.  The  recently 
observed  occurrence  of  T.  gondii  infection  in  some  of  the  wild  woylies  that  have 
succumbed  to  rising  rates  of  predation  in  the  southern  jarrah  forests  (A.  Wayne
5, 
personal communication) highlights the possibility of disease as a contributing factor 
to the decline of threatened wildlife populations (Wayne 2009).  
b) Leptospirosis 
Leptospirosis is a zoonotic disease, caused by a spirochete bacterium, which primarily 
affects domestic species (particularly cattle, sheep and pigs) and humans (Adler and de 
la Peña Moctezuma 2010, Leighton and Kuiken 2001, Shotts 1981, Sullivan 1974). The 
genus Leptospira encompasses over 150 antigenically distinct serotypes (Thiermann 
1984). Serotypes are grouped into antigenically-similar serogroups, within which cross-
reactivity to antigenic testing occurs. Serotypes are tested for by a microagglutination 
test which uses live antigen suspensions. Serum is classified as positive for antibodies 
to a serotype if the titre is >50 (Smythe 2006a, 2006b).  
Each  serotype  of  L.  interrogans  exists  in  a  stable  host-parasite  relationship  with  a 
particular  animal  host  species,  in  which  it  persists  in  the  renal  tubules  and  rarely 
causes  clinical  disease  (Leighton  and  Kuiken  2001).  Maintenance  hosts  are  highly 
susceptible to infection with the particular serotype but morbidity and mortality are 
low. Accidental host infection occurs when an animal is infected with a serotype other 
than the one it usually carries. Susceptibility to accidental infection is generally low and 
                                                      
3 Veterinarian, Busselton 
4 Wildlife rehabilitator, Busselton 
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requires a high infective dose (Hathaway 1981, Leighton and Kuiken 2001). However, 
once the organism is established, disease may occur. Symptoms usually include fever, 
icterus (jaundice), and possible renal failure or kidney damage (Leighton and Kuiken 
2001, Levett 2001, Shotts 1981).  
Organisms are excreted in the urine of their maintenance (or accidental) host and can 
persist in moist warm environments of pH 6-8 for weeks (Shotts 1981, Sullivan 1974). 
Infection occurs via the mucous membranes of nose, GIT and conjunctiva, and through 
abraded  or  wet  skin.  Humans  can  be  infected  as  accidental  hosts  by  L. 
icterohaemorrhagiae  (carried  by  rodents),  L.  hardjo  (carried  by  cattle),  L.  pomona 
(carried by pigs), as well as other less common serotypes (Sullivan 1974).  
Few  studies  have  been  carried  out  to  investigate  the  incidence  of  leptospirosis  in 
Australian marsupial wildlife. Data that do exist suggest that marsupials can harbour 
various Leptospira serotypes, often with minimal clinical evidence of disease (Cowan et 
al. 1991, Durfee and Presidente 1979a). Milner (1981) surveyed a number of marsupial 
species in south-eastern Australia and found positive serological responses to several 
serotypes  (mainly  L.  hardjo)  in  T. vulpecula  (20%  of  25  animals  tested),  tammar 
wallabies (3.8% of 26 animals tested), swamp wallabies (Wallabia bicolor) (16.7% of 12 
animals tested), koalas (1 of 3 animals tested), wombats (7% of 41 animals tested) and 
bush rats (Rattus fuscipes) (2% of 100 animals tested). Four common ringtail possums 
tested were all negative. Durfee and Presidente (1979b) found antibody prevalences 
ranging from 14% to 66% in populations of T. vulpecula in Victoria. A recent study by 
Eymann et al. (2007) surveyed 136 T. vulpecula in the Sydney region and found 9.6% 
prevalence of antibodies to L. hardjo and 1% to L. ballum. L. hardjo cross-reacts with L. 
balcanica (Durfee and Presidente 1979a), which has been shown to be maintained 
within T. vulpecula in New Zealand at levels of 30-40% of animals tested (Cowan et al. 
1991, Hathaway et al. 1978, 1981). It is believed that high T. vulpecula densities in New 
Zealand  help  maintain the  observed  high  levels  of  L.  balcanica  (Caley  and  Ramsey 
2001).  The  New  Zealand  T. vulpecula  derived  originally  from  Australia,  and  it  is 
presumed that L. balcanica came into the country with the founding animals (Cowan et 
al. 1991, Presidente 1984). It is likely that some of the documented positive reactions 
to L. hardjo in Australian wildlife surveys were actually cross-reactions to L. balcanica, Chapter 1 – Introduction 
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which was not included in the assays. Thus far there is no evidence of transmission of 
L. balcanica to humans from possums.  
Infection  of  T. vulpecula  with  L.  balcanica  does  not  appear  to  be  associated  with 
disease in wild populations in New Zealand; however, loss of body condition has been 
observed in captive infected possums where stress is a contributory factor (Day et al. 
1997a). It is possible that under conditions of increased stress, sub-clinical infection 
with L. balcanica may reduce the health of T. vulpecula. Durfee and Presidente (1979b) 
observed  that  presence  of  interstitial  nephritis  was  associated  with  Leptospira 
infection  in  Victorian  T. vulpecula  populations.  Effects,  if  any,  on  other  marsupial 
species are unknown and natural levels of infection appear low. Thus it does not seem 
that  leptospirosis  is  a  disease  of  much  significance  to  wildlife  health  in  Australia. 
However,  in  translocation  situations,  where  animals  are  likely  to  be  stressed, 
leptospirosis could, if present, have an effect on survival by reducing body condition. 
Thus pre-translocation screening for leptospirosis was considered warranted for this 
project.  In  addition,  little  is  known  of  the  prevalence  of  leptospirosis  in  Western 
Australian wildlife, so this initial survey was timely.  
c) Cryptococcosis 
Cryptococcosis is a systemic fungal disease affecting animals and humans, caused by a 
soil-inhabiting yeast-like fungus. In the currently-accepted nomenclature there are two 
causative species: Cryptococcus neoformans and Cryptococcus gattii (Krockenberger et 
al. 2005 and references therein). C. neoformans has two serovars, C. neoformans var. 
grubii (formerly serotype A) and C. neoformans var. neoformans (formerly serotype D), 
of  which  the  former  is  more  common  in  Australia.  Cryptococcus  gattii  has  two 
serotypes, B and C; all C. gattii isolates from Australia are serotype B (Sorrell 2001).  
Although both C. neoformans var. grubii and C. gattii are known to cause respiratory 
and neurological disease in domestic animals (particularly cats and dogs) in Australia, 
C. gattii is the main cause of infection in Australian wildlife (Krockenberger et al. 2005). 
Cryptococcus  gattii  is  associated  with  plant  debris  in  hollows  and  on  the  ground 
underneath Eucalyptus spp. trees, particularly the river red gum (E. camaldulensis) and 
the forest red gum (E. tereticornis) (Ellis and Pfeiffer 1990, Sorrell 2001). More recently Chapter 1 – Introduction 
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C.  gattii  has  also  been  isolated  from  debris  associated  with  tuart  trees  (E. 
gomphocephala) (Sorrell 2001 and references therein); tuarts are commonly used as 
den trees by T. vulpecula and P. occidentalis in coastal south-western WA (de Tores et 
al. 2004, Jones et al. 1994b, Jones and Hillcox 1995).  
Cryptococcosis, caused in most cases by C. gattii, has been diagnosed in a number of 
wild  and  captive  marsupial  and  avian  species  in  Australia  including  koala,  quokka, 
Bennett’s wallaby, numbat, Gilbert’s and long-nosed potoroo (Potorous tridactylus), 
feathertail  glider  (Acrobates  pygmaeus),  dusky  antechinus  (Antechinus  swainsonii), 
stick  nest  rat  (Leporillus  conditor)  and  various  parrot  species  (Krockenberger  et  al. 
2005, Malik et al. 2003, Vaughan et al. 2007). The koala is by far the most commonly 
affected Australian species due to its close association with E. camaldulensis and E. 
tereticornis,  which  it  preferentially  consumes.  High  koala  densities  have  been 
postulated as a critical factor in maintaining high environmental levels of C. gattii in 
some locations (Krockenberger et al. 2002b) and nasal colonisation of healthy koalas 
with this cryptococcal species is common (Connolly et al. 1999, Krockenberger et al. 
2002a, Krockenberger et al. 2002b).  
Infection  usually  follows  from  nasal  colonisation,  although  skin  colonisation 
occasionally takes place instead. Disease occurs subsequent to tissue invasion, and 
commonly affects the nasal cavity and lungs, sometimes progressing to the central 
nervous system (Krockenberger et al. 2005, O'Brien et al. 2004, Williams and Barker 
2001). Granulomatous lesions, in which organisms with characteristic morphology can 
be observed, are frequently found on post mortem (Lester et al. 2004).  
Progression from colonisation to infection and consequent disease in koalas has been 
related to stress, malnutrition and concurrent respiratory disease (Krockenberger et al. 
2003). Subclinical infection is common in areas where environmental C. gattii levels 
are  high,  but  is  usually  limited  to  small  focal  lesions  in  the  respiratory  tract 
(Krockenberger et al. 2002a). Such infections can remain quiescent for long periods, 
become activated into overt disease under conditions of stress or other disease, or 
resolve completely due to high levels of host immunity.  Chapter 1 – Introduction 
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Measurement  of  cryptococcal  antigen  titre  is  a  useful  adjunct  to  diagnosis  of 
cryptococcosis and for monitoring the progress of therapy. A commonly used test is 
the latex cryptococcal antigen test (LCAT) which incorporates the use of pronase to 
eliminate interference factors and maximise specificity (Malik et al. 1996, Stockman 
and Roberts 1983). Antigen titres are negative in uninfected animals and in healthy 
individuals with nasal colonisation, negative or low (2-64) in subclinical infection and 
usually ≥128 in animals with clinical disease (Krockenberger et al. 2002b, 2003, Malik 
et al. 1999).  
As in koalas, infection with C. gattii in other animals, including people, is most likely to 
be  associated  with  exposure  to  unusually  large  numbers  of  infectious  propagules 
(Krockenberger et al. 2005). However, unlike koalas, most other species are less closely 
associated with known environmental sources of the fungus. Outbreaks of disease in 
people and domestic animals have been associated with prevalence of C. gattii in the 
nearby environment (Lester et al. 2004). Few surveys have yet been carried out to 
determine levels of subclinical infection in animals other than koalas, dogs and cats 
(Krockenberger et al. 2002a, Krockenberger et al. 2002b, Malik et al. 1999). Hollow-
dwelling arboreal marsupials such as possums and gliders could be expected to show 
evidence of colonisation or infection with C. gattii due to their likelihood of exposure 
to environmental sources, such as tuart trees in south-western WA. The current study 
is one of the first comprehensive surveys to be carried out to detect cryptococcal 
antigen in Australian arboreal wildlife.  
d) Chlamydiosis 
Chlamydiales are obligatory intracellular Gram negative coccoid bacteria capable of 
infecting mammalian, reptilian and amphibious hosts and causing a variety of disease 
syndromes including keratoconjunctivitis, urogenital disease, respiratory disease and 
abortion (Whittington 2001). Transmission within host species is more common than 
between species, although cross-species infection is possible. Latent and subclinical 
infections are common; clinical disease is often linked to stress and other factors which 
lower host immunity (Brown et al. 1987, Weigler et al. 1988, Whittington 2001).  Chapter 1 – Introduction 
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Prior to 1980 the order  Chlamydiales had one family,  Chalmydiaceae,  containing a 
single genus, Chlamydia, with two species, C. trachomatis and C. psittaci (Devereaux et 
al. 2003, Everett et al. 1999 and references therein). Two decades later Everett et al. 
(1999) proposed the currently accepted taxonomy whereby the family Chalmydiaceae 
now contains two genera: Chlamydia and Chlamydophila. There are three species in 
the  former  genus:  Chlamydia  trachomatis,  C.  muridarum  and  C.  suis.  The  genus 
Chlamydophila  contains  six  species:  Chlamydophila  pecorum,  C.  pneumoniae,  C. 
psittaci, C. abortus, C. caviae and C. felis.  
Chlamydiosis in marsupials was, until recently, only documented in koalas. Chlamydial 
organisms were first isolated from koalas with ocular disease in 1974 (Brown et al. 
1987, Cockram and Jackson 1981) and was later implicated in cases of cystitis and 
infertility  in  this  species  (Brown  et  al.  1987  and  references  therein).  A  number  of 
surveys of wild koala populations were carried out during the 1980s in Queensland, 
New South Wales and Victoria and demonstrated both ocular and urogenital disease 
associated  with  chlamydial  infection  (Brown  and  Grice  1984,  Brown  et  al.  1987, 
Cockram and Jackson 1981, Obendorf 1983, Weigler et al. 1988). Serological testing 
using  complement  fixation  (CF)  methods  showed  that  koalas  could  take  up  to  3-4 
months  to  develop  antibodies  following  infection  (Brown  et  al.  1987),  and  that  a 
proportion  of  clinically  healthy  koalas  carried  antibodies,  indicating  recovery  from 
disease and/or carrier status (Cockram and Jackson 1981).  
Weigler et al. (1988) isolated the organism that was then known as C. psittaci from 
71%  of  free-ranging  koalas  tested,  although  only  9%  showed  clinical  signs.  These 
authors postulated that in healthy koala populations there is a stable host-parasite 
relationship, and suggested that this becomes unbalanced following stress, leading to 
increased levels of overt disease and population decline. The main causes of stress in 
koala  populations  are  related  to  habitat  loss  and  fragmentation  (Augustine  1998, 
Weigler et al. 1988). Habitat loss leads to crowding, nutritional deficits and reduced 
immunity which, in turn, enable latent infection to manifest as clinical disease. The 
proposition of a stable host-parasite relationship was supported by the findings of 
White and Timms (1994) who showed that CF tests missed 43% of koalas shown by cell 
culture to be infected with Chlamydophila spp., and that almost half of the infected Chapter 1 – Introduction 
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animals  showed  no  signs  of  clinical  disease.  Modelling  of  the  interaction  between 
koala and Chlamydophila spp. population dynamics suggests that, although disease can 
cause  population  decline,  it  is  unlikely  to  result  in  population  extinction  unless 
combined with other factors such as drought, habitat loss and human disturbance 
(Augustine 1998).  
In 1998 it was shown by Girjes et al. (1988)  that two distinct forms of C. psittaci 
occurred  in  koalas;  these  were  initially  designated  Type  I  and  Type  II,  and  later 
reassigned  as  C.  pecorum  and  C.  pneumoniae  (Jackson  et  al.  1999  and  references 
therein). DNA methods utilising polymerase chain reaction (PCR) technology are now 
the most reliable means of testing for chlamydial infection and differentiating between 
infective species (Bodetti et al. 2002b, Devereaux et al. 2003, Jackson et al. 1999). Both 
C. pecorum and C. pneumoniae infect koalas, with the former tending to be more 
common and more pathogenic  (Devereaux et al. 2003, Jackson et al. 1999, Timms 
2005). Transmission between animals is known to be via sexual interactions (Augustine 
1998, Bodetti et al. 2002b), as well as by maternal transmission during birth or the 
pouch phase of life (Jackson et al. 1999).  
The origin of Chlamydophila infection in koalas is unknown; the similarities between 
the isolates of C. pecorum and C. pneumoniae from koalas and those from domestic 
species  and  humans  suggest  introduction  associated  with  European  settlement; 
however, the recent discoveries of these and other novel species of Chlamydophila in a 
variety of animal species, including reptiles and amphibians (Bodetti et al. 2002a), as 
well as koalas (Devereaux et al. 2003), is indicative of possible pre-European presence 
(Timms  2005).  The  likelihood that  European  settlement  was  involved  in  either  the 
introduction of C. pecorum and C. pneumoniae, or the increase of disease due to these 
pathogens  in  koala  populations  is  supported  by  reports  of  major  koala  declines 
occurring between 1885 and 1930 associated with outbreaks of ophthalmic disease 
(Brown et al. 1987, Cockram and Jackson 1981).  
In recent years PCR-based wildlife surveys have expanded the marsupial host range of 
C. pecorum and C. pneumoniae (and other novel species of Chlamydophila) to include 
the greater glider (Petauroides volans), the mountain brushtail possum (T. caninus), Chapter 1 – Introduction 
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the western barred bandicoot, the bilby and the Gilbert’s potoroo (Bodetti et al. 2003, 
Kumar et al. 2007, Warren et al. 2005). Clinical disease has so far only been observed 
in the greater glider and the western barred bandicoot. It has been postulated that the 
predisposition  to  infection  in  koalas  could  be  related  to  the  presence  of  phyto-
oestrogens in Eucalyptus foliage (Brown et al. 1987); it is thus of interest to determine 
whether infection, subclinical or otherwise, occurs in other arboreal species. In the 
current  P. occidentalis  translocation  program  it  was  considered  important  to 
determine the prevalence of the Chlamydophila spp. in P. occidentalis and T. vulpecula 
to  ensure  that  disease-free  P. occidentalis  were  not  being  moved  into  a  region 
containing infected T. vulpecula, or alternatively that infected P. occidentalis were not 
being translocated into Chlamydophila-naïve T. vulpecula populations. The association 
of chlamydiosis with infertility is also of relevance to translocation programs, as any 
factor  that  results  in  decreased  reproductive  output  is  undesirable  in  terms  of 
establishment and maintenance of new sub-populations of an endangered species.  
e) Other diseases and parasites of possums 
A variety of other diseases and parasites have been reported in possums, both in the 
wild and in captivity. Comprehensive reviews can be found in the following books and 
articles:  Presidente  (1978,  1979a,  1979b,  1984),  Speare  et  al.  (1984),  Viggers  and 
Spratt (1995), Cowan et al. (2000), Johnson and Hemsley (2008), Ladds (2009) and 
Vogelnest and Woods (2008). A selection of diseases of potential clinical significance 
are briefly summarised below.  
Viral  diseases:  Wobbly  possum  disease,  of  probable  viral  origin,  causes 
meningoencephalitis in T. vulpecula in New Zealand (Mackintosh et al. 1995, O'Keefe 
et al. 1997, Perrott et al. 1999). Similar symptoms to those of wobbly possum disease 
have been observed in T. vulpecula in the Sydney region but no viral particles have 
been  found  (Ladds  2009).  Acute  transmissible  enteritis,  probably  caused  by  a 
coronavirus, has been documented in captive T. vulpecula in New Zealand (Ladds 2009 
and references therein). Possums have been identified as asymptomatic carriers and 
possible amplifiers of arboviruses of significance to human health, such as Ross River 
virus in some locations (Ladds 2009, A. Bestall) but not at others (Hill et al. 2009). Chapter 1 – Introduction 
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Lesions  caused  by  papillomaviruses  and  poxviruses  are  occasionally  observed  in 
possums (Ladds 2009, Perrott et al. 1999).  
Bacterial diseases: Bacterial infections that may cause systemic disease in stressed or 
immunocompromised  possums  include  salmonellosis  (due  usually  to  Salmonella 
typhimurium),  yersiniosis  (due  to  Yersinia  pseudotuberculosis),  Escherichia  coli 
infection, and pasteurellosis due to Pasteurella multocida (Johnson and Hemsley 2008, 
Ladds  2009).  Tyzzers  disease,  caused  by  Clostridium  piliforme  (formerly  Bacillus 
piliformis),  can  result  in  necrotising  hepatitis  and  rapid  death  in  captive  juvenile 
possums (Johnson and Hemsley 2008, Ladds 2009). Swollen paw syndrome has been 
described in common ringtail possums in the Sydney region  (Johnson and Hemsley 
2008,  Ladds  2009);  affected  animals  remain  bright  and  continue  to  eat  despite 
development of ulcerative dermatitis and avascular necrosis of the paws. A range of 
bacteria, including Staphylococcus aureus, have been isolated but the actual aetiology 
has not been determined. Outbreaks of Mycobacterium ulcerans infection have been 
reported affecting P. peregrinus, T. vulpecula and humans at various sites in coastal 
Victoria  (AWHN  2004,  Handasyde  et  al.  2009);  this  organism  causes  deep 
granulomatous skin ulcers which require surgical excision and can be transmitted by 
mosquitoes, Ochlerotatus (Aedes) camptorhynchus.  
Protozoal diseases: Coccidia, usually Eimeria spp., are commonly found in possums but 
rarely cause illness, except in juvenile captive animals that are stressed, starving or 
suffering from concurrent illness (Presidente 1984). Cryptosporidium parvum has been 
known to cause diarrhoea in captive T. vulpecula in New Zealand, again associated 
with  stress  (Cooke  1998).  Giardia  spp.  have  been  detected  in  healthy  possums  in 
Tasmania (Bettiol et al. 1997). Trypanosoma spp. of haemoparasites may cause disease 
or affect host fitness (Smith et al. 2008); trypanosomes have recently been isolated 
from a number of wildlife species in WA, including T. vulpecula, but not associated 
with  signs  of  clinical  illness  (Averis  et  al.  2009).  Surveys  have  not  included 
P. occidentalis.  
Helminths: Bertiella spp. of cestodes are commonly found in possums; heavy burdens 
may cause emaciation and increase susceptibility to other illnesses (Ladds 2009 and Chapter 1 – Introduction 
  48 
references  therein,  Presidente  1984).  Strongyloides  spp.  of  nematodes  have  been 
identified in the caecum of T. vulpecula, without associated disease. Heavy burdens of 
Parastrongyloides  trichosuri  or  Trichostrongylus  spp.  within  the  small  intestine  of 
T. vulpecula  can  result  in  morbidity  and  death,  as  may  heavy  burdens  of 
Paraustrostrongylus  trichosuri  in  the  duodenum  of  T. vulpecula  (Ladds  2009  and 
references therein). Breinlia spp. of nematodes are commonly found in the peritoneal 
cavity of various possum species; splenic granulomas may also occur, associated with 
sequestered microfilaria. The microfilaria of Breinlia spp. are also sometimes observed 
in peripheral blood smears of ringtail and brushtail possums (Clark and Bradshaw 2007, 
Ladds 2009). Brushtail possums are susceptible to pathogenic infection with Fasciola 
hepatica trematodes, resulting in liver damage, anaemia and death (Cooke 1998, Ladds 
2009, Presidente 1984).  
Ectoparasites: Both brushtail and ringtail possums are susceptible to infestation with 
mites, fleas and ticks of various species (Ladds 2009 and references therein, Presidente 
1984, Viggers and Spratt 1995). Heavy ectoparasite burdens are usually associated 
with stress or debilitation from other causes. Severe rump wear, sometimes involving 
exudative dermatitis, is common in brushtail possums. The aetiology of this condition 
is multifactorial, involving a combination of some or all of: stress, bacteria, parasites 
(fleas, mites), fungi and hypersensitivity reactions (Johnson and Hemsley 2008).  
f) Haematology and serum biochemistry 
Inspection  of  haematological  and  serum  biochemical  parameters  provides  a  useful 
adjunct to clinical examinations during disease investigations (Fowler and Miller 2008, 
Vogelnest and Woods 2008), or when surveying the clinical health status of wild animal 
populations (Jakob-Hoff 1999, Kock et al. 2007, Mathews et al. 2006, Parker et al. 
2006,  Woodford  2000).  Establishment  of  species-specific  reference  ranges  from 
healthy  wild  populations  is  a  necessary  prerequisite  for  effective  differentiation 
between  healthy  and  sick  individuals.  Although  ranges  of  parameter  values  from 
samples of apparently healthy possums have been published, sample sizes are often 
small  (Presidente  1978,  1979a)  and  most  data  sets  derive  from  eastern  Australia 
(Barnett et al. 1979a, 1979b, Presidente 1979a, 1979b, Presidente and Correa 1981, Chapter 1 – Introduction 
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Viggers and Lindenmayer 1996) or New Zealand (Fitzgerald et al. 1981, Wells et al. 
2000).  No  data  on  normal  ranges  of  haematological  and  serum  biochemical 
parameters for P. occidentalis or T. vulpecula in WA are currently available. One aim of 
this project, in association with a concurrent study (Grimm in prep), was to redress this 
situation by establishing reference ranges for coastal populations of P. occidentalis and 
T. vulpecula in south-west WA.  Chapter 1 – Introduction 
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1.4 BIOLOGY AND ECOLOGY OF POSSUMS IN SOUTH-WEST WA 
1.4.1 Distribution 
Pseudocheirus  occidentalis  is  a  medium  sized  nocturnal  arboreal  species,  once 
distributed widely across southern and south-west WA (de Tores 2008a, Jones 2004) 
(Fig1.1). Since European settlement, habitat loss and degradation, along with other 
threatening  processes  such  as  changed  fire  regimes  and  introduction  of  exotic 
predators, are believed to be responsible for its range contraction to wetter parts of 
south-west WA (Burbidge and de Tores 1998, Jones 2004). Pseudocheirus occidentalis 
are found at low densities in the southern jarrah forests of the upper Warren and 
Perup in south-west WA (Fig. 1.1) (Wayne et al. 2005c) but their main population 
strongholds are in coastal regions, particularly remnant forested areas on the coastal 
plain between Capel and Dunsborough (Figs 1.1, 1.2), including much of urban and 
semi-urban Busselton (Jones et al. 1994b).  
The  south-western  sub-species  of  T. vulpecula  (T.  vulpecula  hypoleucus)  was  once 
widely distributed throughout much of WA, but is now restricted to the south-west 
corner of the state, including the wheat belt. Its current range is more extensive than 
that of P. occidentalis, but it too has been affected by land clearing and predation by 
introduced carnivores (How and Hillcox 2000, Wayne et al. 2005d). The two possum 
species coexist successfully in some parts of south-west WA, but much of the dense 
coastal P. occidentalis population is located where T. vulpecula numbers are low (Jones 
et al. 1994b, Jones and Hillcox 1995). It is believed that both species are continuing to 
decline over their range as a whole (Jones 2004).  
1.4.2 Habitat use 
Hall et al. (1997)  define “habitat” as: “the resources and conditions present in an area 
that produce occupancy (including survival and reproduction) by a given organism”. In 
its broadest sense “habitat” includes a realm of biotic and abiotic factors such as food, 
shelter,  refuges,  floristics,  vegetation  characteristics,  soil  nutrients,  environmental Chapter 1 – Introduction 
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conditions, competitors, predators and diseases. Depending on the context, however, 
the use of the word “habitat” may represent only a subset of these characteristics 
(Kearney  2006,  Mitchell  2005).  Terms  such  as  “vegetation  structure”  and  “floristic 
diversity”  are  preferred  when  referring  specifically  to  the  vegetation  species 
composition component of habitat (Hall et al. 1997).  
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Figure 1.1 Historic and current distribution of P. occidentalis (P. de Tores
6, unpublished 
data). The boundary of the inferred pre -European distribution is approximate, and is 
currently being refined. The density isopleths are based on observational data collected 
using various methodologies and are thus estimates only.  
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Figure 1.2 Locations of P. occidentalis translocation sites (labels with 
arrows). Those used in the current project are highlighted in pink.  
 
Although both possum species are generally arboreal and folivorous, P. occidentalis is 
more  specialised  in  these  characteristics  than  T. vulpecula,  and  is  therefore  more 
particular in its habitat requirements. High levels of canopy continuity, particularly of 
mid  and  lower  storey  vegetation,  is  important  for  P. occidentalis  survival,  as  this 
possum species is particularly susceptible to predation by mammalian carnivores when 
on the ground (Jones et al. 2004, Wayne et al. 2006). Individual P. occidentalis use 
connecting vegetation as pathways between foraging and resting locations, and often 
build nests in dense foliage (Jones et al. 1994a, 1994b, Jones and Hillcox 1995). In Chapter 1 – Introduction 
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contrast, T. vulpecula travel on the ground more readily than P. occidentalis and do not 
rely on foliage as a nesting substrate. Pseudocheirus occidentalis is a more specialised 
folivore than T. vulpecula, eating mainly leaves, along with occasional flowers, fruit and 
buds (de Tores 2008a, Jones 1995). Trichosurus vulpecula has a more catholic diet, 
eating fruit, fungi, insects, eggs and even meat in addition to leaves (Kerle 1984, 2001).  
During  the  daylight  hours  T. vulpecula  use  hollows  in  trees  and  logs  as  den  sites, 
generally preferring hollows at heights of 6 m or more in standing trees (Isaac et al. 
2008b, Kerle 1984 and references therein, Whitford and Williams 2002). When hollows 
are scarce, T. vulpecula population densities tend to be low and animals use alternate 
rest sites such as deserted rabbit burrows or anthropogenic structures (Kerle 1984). 
Like the common ringtail possum, P. occidentalis weaves nests, known as dreys, out of 
slender branches and foliage in which to rest during the day (Ellis and Jones 1992, 
Thomson and Owen 1964). In warm conditions, however, P. occidentalis often prefer 
to utilise tree hollows, which are better insulated. P. occidentalis will also rest in other 
locations, for example, within the dense foliage of grass trees (Xanthorrhoea preissii), 
on tree forks, in disused rabbit warrens and even on the ground under sedges such as 
Lepidosperma spp. (de Tores et al. 2005a).  
Coastal  P. occidentalis  populations  occupy  areas  dominated  by  peppermint  (Agonis 
flexuosa); peppermint leaves comprise the major component of their diet and they 
build dreys in the foliage of these trees (Jones et al. 1994b, Jones and Hillcox 1995). In 
some peppermint-dominated sites, such as Locke Nature Reserve west of Busselton, 
T. vulpecula are absent (Jones et al. 1994b, Jones and Hillcox 1995) or, as confirmed 
from a recent survey, present in low numbers (P. de Tores, personal communication). 
However, in other sites where peppermint co-exists with Eucalyptus spp. such as tuart, 
T. vulpecula  and  P. occidentalis  are  found  together  (Jones  et  al.  1994a,  Jones  and 
Hillcox 1995). Sympatric populations of the two possum species are also found in sites 
dominated by species other than peppermint, such as the jarrah/marri (E. marginata / 
Corymbia calophylla, previously E. calophylla) forests inland near Perup (Wayne 2005) 
(Fig.  1.1),  and  some  Banksia/marri  woodlands  near  the  northern  extremity  of 
P. occidentalis’s current range at Gelorup (Fig. 1.2) (Grimm in prep) and Dalyellup (P. 
de Tores, personal communication). In localities such as these, where T. vulpecula and Chapter 1 – Introduction 
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P. occidentalis both utilise tree hollows as rests sites, the larger T. vulpecula has been 
observed  to  successfully  evict  P. occidentalis  from  hollows  (How  and  Hillcox  2000, 
Wayne 2005), suggesting territorial dominance. The few home range studies published 
(Jones et al. 1994a), along with other observations (de Tores et al. 2004, Grimm and de 
Tores 2009, A. Wayne, personal  communication) indicate that inter-specific habitat 
partitioning is incomplete, thus increasing the likelihood of inter-specific competition 
for rest sites and/or food.  
1.4.3 Physiology and breeding biology 
Pseudocheirus occidentalis differs from its congener in eastern Australia, the common 
ringtail possum, by virtue of its larger size (900-1300g, as opposed to 600-1000g for 
common ringtail possums on the eastern mainland and 800-1250g in Tasmania), its 
less gregarious nature and lower fecundity (Ellis and Jones 1992, Jones et al. 1994a, 
Munks 1995, Thomson and Owen 1964, Wayne et al. 2005c). There is minimal sexual 
dimorphism in this species (Wayne et al. 2005c). The south-west Western Australian 
subspecies  of  T. vulpecula,  however,  is  smaller  than  most  other  T. vulpecula 
subspecies, with male adult body mass averaging 1616g in the jarrah forests and 1764g 
on the coast, and female adult body mass averaging 1470g and 1509g for inland and 
coastal populations respectively (How and Hillcox 2000, Wayne et al. 2005d).  
Brushtail possums inhabit a wider range of habitat types and climatic zones than do 
ringtail possums (Van Dyck and Strahan 2008) and show a higher degree of plasticity in 
their  ability  to  cope  with  a  wide  range  of  environmental  conditions,  including 
moderate aridity (Kerle 1984, 2001, 2004). Ringtail possums have traditionally been 
associated  with  higher  rainfall  regions  and  riparian  habitats  (Thomson  and  Owen 
1964); in WA this is particularly the case (Shortridge 1909). Pseudocheirus occidentalis 
without access to water are intolerant of ambient temperatures above 35°C and, at 
temperatures above 30°C, they will lick their forelimbs to produce evaporative cooling 
(Yin  2006).  Individual  ringtail  possums  resting  in  dreys  seem  to  be  particularly 
susceptible to heat stress (Jones et al. 1994b, Pahl 1987b). Hollows may provide better 
insulation  against  the  heat  (Driscoll  2000,  Isaac  et  al.  2008a),  but  are  not  always 
available in areas in which P. occidentalis are found, especially peppermint-dominated Chapter 1 – Introduction 
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forests. The predicted effects of climate change (e.g. increasing temperatures, more 
frequent  droughts)  are  not  expected  to  benefit  either  possum  species,  but 
P. occidentalis  is  likely  to  be  most  adversely  affected  by  virtue  of  its  poor  heat 
tolerance (Yin 2006).  
Ringtail possums are specialist folivores, adapted to live almost entirely on leaves due 
to their low basal metabolic rate  (Kinnear and Shield 1975) and efficient digestive 
system  which  utilises  hind-gut  microbial  fermentation  (Hume  2004,  Nugent  et  al. 
2000). They are capable of digesting leaves with high fibre and low nitrogen content 
through selective retention of fine particles and fluid in the caecum, which are passed 
as  soft  faeces  during  the  day  when  coprophagy  (eating  of  faeces)  takes  place. 
Coprophagy maximises protein intake due to ingestion of microbial amino acids and B 
vitamins  as  well  as  double-processing  of  food  (Chilcott  1984,  Hume  et  al.  1984). 
Brushtail possums have a less specialised digestive system, utilising both the caecum 
and the colon. They are not coprophagic and eat a wider range of foods (Hume 2004, 
Nugent et al. 2000).  
Ringtail possums obtain most of their water requirements from foliage and can exist 
almost solely on leaves, provided that sufficient quantities are available and that toxic 
secondary metabolite levels are not too high. They will supplement their diet with 
flowers and buds if available, leading to increased energy consumption. In general, 
ringtail possums prefer young leaves, which have lower lignin content, often higher 
nitrogen levels and are more digestible  (Cork and Pahl 1984, Ellis and Jones 1992, 
Hume et al. 1996, Pahl 1984, 1987a). Lignin reduces the availability of carbohydrates 
and increases energetic costs of digestion. However, young leaves are often higher in 
toxic  secondary  metabolites  than  more  mature  leaves,  so  may  not  always  be 
preferentially selected (Cork and Pahl 1984, Jones et al. 2006, Thomson and Owen 
1964).  
Plants protect their leaves from consumption through production of toxic secondary 
metabolites which inhibit browsing by folivores. Most experimental work to determine 
which compounds inhibit browsing by ringtail possums has been carried out in eastern 
Australia on the common ringtail possum and its preferred eucalypt species (Foley et Chapter 1 – Introduction 
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al. 2004, Lawler et al. 1998, Marsh et al. 2003, Pass et al. 1998, Wiggins et al. 2006). It 
has  been  found  that  a  particular  subset  of  phenolic  compounds,  the  formylated 
phloroglucinol compounds (FPCs), are responsible for inhibiting browsing of various 
Eucalyptus species by ringtail possums (Lawler et al. 1998, Pass et al. 1998). Closely 
linked to levels of FPCs in eucalypt leaves is the presence of a particular terpene, 
cineole (Foley et al. 2004, Pass et al. 1998, Wiggins et al. 2006). Terpenes are essential 
oils and have strong olfactory-stimulating properties. It has been shown that ringtails 
use  cineole  concentrations  as  a  cue  to  the  toxic  properties  of  leaves  of  individual 
Eucalyptus trees through a learned association of the smell of the terpenes with the 
toxic effects of the FPCs (nausea, GIT illness) in the same leaves (Foley et al. 2004).  
Ringtail possums limit their consumption of leaves with high cineole and FPC levels, 
and  will  totally  reject  foliage  with  particularly high  FPC  concentrations  (Pass  et  al. 
1998). Brushtail possums are also susceptible to plant secondary metabolites, but not 
necessarily to the same compounds as ringtails. In eastern Australia it has been shown 
that T. vulpecula are more tolerant than the common ringtail possum to FPCs, but less 
tolerant to tannins (Marsh et al. 2003). Thus some level of dietary partitioning may 
occur between the species (Foley et al. 2004).  
Individual Eucalyptus trees vary widely in the levels of toxic secondary metabolites that 
they contain in their leaves, and this variation occurs at an individual tree rather than a 
landscape level (Lawler et al. 2000, Wiggins et al. 2006). Trees within a small area may 
show high variation in FPC levels and thus in palatability to possums. Such variation 
may be responsible for small scale regional differences in home-range size and carrying 
capacity.  
Little  is  known  about  the  types  and  levels  of  toxic  secondary  metabolites  in 
peppermint foliage, but it is likely that an anti-herbivory mechanism similar to that 
found in Eucalyptus spp. exists. Foraging P. occidentalis sniff foliage thoroughly before 
either  moving  on  to  another  tree  or  consuming  leaves  (personal  observations). 
Variability in toxicity of foliage, and thus of palatability and capacity of peppermint 
forests to sustain P. occidentalis, may result in differences in the carrying capacities of 
sites. Foliage toxicity may also vary seasonally with climate. Drought, for example, may Chapter 1 – Introduction 
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increase  foliage  toxicity  (Gershenzon  1984)  and  therefore  reduce  palatability  and 
cause nutritional stress amongst P. occidentalis populations. Elevation in atmospheric 
carbon dioxide (CO2) is known to lead to reduced nitrogen concentrations in foliage, 
increased  fibre  content  of  leaves  and  higher  levels  of  toxic  secondary  metabolites 
(Coley 1998, Kanowski 2001, Lawler et al. 1997); it is therefore likely that population 
densities of herbivorous arboreal marsupials in many forests will decline over future 
decades (Hume 1999).  
Both  P. occidentalis  and  T. vulpecula  are  seasonal  breeders.  Coastal  populations  of 
both species breed mainly in autumn, with a smaller proportion also breeding in spring 
(How and Hillcox 2000, Jones et al. 1994a). The gestation period for T. vulpecula is 16-
18 days (Kerle 2001); the precise gestation period of P. occidentalis is unknown (2-4 
weeks). Offspring born in autumn are weaned in spring; this coincides with the peak 
growth of new foliage. The heaviest lactational burden also occurs in spring when 
nutritional conditions are at their best. Pseudocheirus occidentalis give birth to one or 
two  offspring  (occasionally  three),  but  frequently  only  raise  a  single  offspring  to 
maturity (Jones et al. 1994a, Wayne et al. 2005c). Siblicide has been observed under 
captive conditions (Ellis and Jones 1992); it is unknown whether this occurs in the wild. 
When  feeding  conditions  are  good  (such  as  in  seasons  of  above  average  rainfall), 
P. occidentalis may breed twice a year (Jones et al. 1994a, personal observations). The 
average fecundity of P. occidentalis is generally lower than that of the common ringtail 
possum which commonly rears twins and more often breeds biannually (Munks 1995, 
Pahl and Lee 1988, Thomson and Owen 1964). Trichosurus vulpecula  in south-west 
WA produce a single offspring at a time and usually only breed once a year (How and 
Hillcox 2000, Wayne et al. 2005d). Females of both possum species breed at 12-18 
months of age; males at 1-2 years.  
Data on longevity for both species is limited, but is believed to average around 6 years 
for  T. vulpecula  (Isaac  2005,  Wayne  et  al.  2005d)  and  4-5  years  for  P. occidentalis 
(Wayne et al. 2005c), although some individuals survive longer (de Tores et al. 2008a). 
Annual mortality rates are likely to vary from year to year in relation to environmental 
factors  (rainfall,  nutritional  quality  of  foliage).  Observational  data  indicate  cyclic 
patterns in population sizes, especially of P. occidentalis (Jones et al. 2004). There is Chapter 1 – Introduction 
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some  evidence  to  suggest  that  P. occidentalis produce  more  female  offspring  than 
males when conditions are good, thus maximising population growth rates at such 
times (Jones et al. 1994a, Jones et al. 2004). For both species, male offspring tend to 
disperse further than female offspring; on occasion, the latter have been observed to 
set  up  territories that overlap  with  their mothers  (Jones  et  al.  1994a).  Established 
home ranges vary in size among locations for T. vulpecula (How and Hillcox 2000 and 
references therein, Kerle 1984); this is also likely to be the case for P. occidentalis, but 
few data are available (Jones et al. 1994a).  
Neither possum species is particularly gregarious, and individuals of both species are 
known  to  exhibit  aggressive  territorial  behaviours  as  adult  animals  (Kerle  2001). 
P. occidentalis  are  less  social  than  their  eastern  Australian  counterparts,  and 
individuals  rarely  share dreys  or  rest  sites  with  conspecifics  (except  in  the  case  of 
lactating  females  and  their  offspring)  (Jones  et  al.  1994a).  Overtly  aggressive 
interactions  have  been  observed  when  territorial  disputes  occur  (personal 
observations). In high quality habitats, territories are usually small and overlapping 
(How  and  Hillcox  2000,  Wayne  2005)  but,  outside  of  the  mating  period,  adult 
P. occidentalis rarely show much interest in one another. Trichosurus vulpecula  are 
slightly more congenial, with den sharing of males with females moderately common, 
especially  in  winter  (personal  observations).  However,  in  inter-specific  territorial 
disputes, T. vulpecula tend to dominate over P. occidentalis (How and Hillcox 2000, 
personal observations).  
1.4.4 Conservation status 
Pseudocheirus  occidentalis  is  listed  as  vulnerable  under  the  Commonwealth  of 
Australia’s EBPC Act, 1999 (DEWHA 2009a, 2009d). It is also listed as “fauna that is rare 
or likely to become extinct” under the Western Australian Wildlife Conservation Act, 
1950. The species also meets the IUCN criteria for listing as a threatened species in the 
sub-category “vulnerable” (IUCN 2009, Mace et al. 2008).  
Threatening  processes  continue  to  act  upon  the  species,  affecting  its  current  and 
projected persistence patterns (Burbidge and de Tores 1998, Jones 2004, Maxwell et Chapter 1 – Introduction 
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al.  1996).  Ongoing  threats  to  P. occidentalis  include  habitat  loss  and  modification, 
particularly for human development (de Tores et al. 2004, DEWHA 2009a), logging and 
changed fires regimes (Wayne et al. 2006), and predation by foxes and cats (de Tores 
and Berry 2007, de Tores et al. 2008a, Wayne et al. 2006). Coastal populations are 
most at risk from habitat loss, while inland populations are most affected by timber 
harvesting  and  fire.  Predators  take  advantage  of  these  disturbances  and  limit  the 
capacity  of  P. occidentalis  populations  to  recover  from  perturbations  to  their 
environment (Jones et al. 2004). In addition, stochastic events such as drought can 
exacerbate  these  threatening  processes  and  exert  further  pressure  on  species 
persistence.  
Although T. vulpecula  is more widely distributed than P. occidentalis in WA, the south-
western subspecies T. vulpecula hypoleucus, is considered near threatened (Maxwell 
et  al.  1996),  and  believed  to  be  in  decline  (Jones  2004,  Maxwell  et  al.  1996). 
Populations are limited by the availability of suitable shelter resources (i.e. hollow-
bearing  trees  (Inions  et  al.  1989,  Jones  and  Hillcox  1995);  threatening  processes 
include timber harvesting and changed fire regimes (Wayne 2005). Predation by the 
introduced fox is also believed to limit population growth and, where effective fox 
control programs have been instigated, T. vulpecula numbers have increased  (AWC 
2009, Kinnear et al. 2002).  
Historical records suggest that populations of both possum species have long shown 
variations  in  abundance  in  relation  to  environmental  factors,  particularly  rainfall. 
Changes in possum population densities following events such as drought, flood and 
purported  disease  outbreaks  have  been  reported  throughout  Australia,  and  have 
probably always been a natural component of the species’ ecology. For example, Kerle 
et al. (1992) suggest that drought refuges were historically important for maintenance 
of T. vulpecula populations during years of low rainfall in the Australian arid zone, and 
there  are  historical  reports  of  T. vulpecula  population  fluctuations  associated  with 
flood and apparent disease outbreaks in NSW (Kerle 2004). Thomson and Owen (1964) 
quote  reports  from  trappers  that  ringtail  possums  were  known  to  vary  greatly  in 
numbers;  these  authors  also  report  an  apparent  disease-related  crash  in  ringtail 
populations  in  Tasmania  in  1954.  The  ability  of  possum  populations  to  recover Chapter 1 – Introduction 
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following declines is reliant on availability of sufficient suitable habitat, and may be 
severely  inhibited  by  high  predator  numbers.  Increasing  aridity,  ongoing  habitat 
destruction and high fox and/or cat numbers probably limit the growth phase of the 
cycle  of  many  present  day  possum  populations  throughout  Australia  (Kerle  2004, 
Maxwell et al. 1996).  
1.5 THE CURRENT PROJECT 
1.5.1 Context – Previous P. occidentalis translocations 
Translocation has featured in the management of coastal populations of P. occidentalis 
since 1991, and arose out of an obligation to relocate individuals displaced by land 
clearing  for  urban  development  in  the  Busselton  region,  and  the  need  to  release 
rehabilitated P. occidentalis after recovery from injury or other mishap (Burbidge and 
de  Tores  1998,  de  Tores  et  al.  1995,  de  Tores  et  al.  1998,  de  Tores  et  al.  2004). 
Although the preferred management option is to conserve P. occidentalis populations 
in  situ  (Burbidge  and  de  Tores  1998,  de  Tores  et  al.  1995),  translocations  were 
considered warranted in the face of accelerating rates of land clearing and pressure 
from the proponents of development projects to incorporate translocation as a means 
of mitigating habitat loss (Burbidge and de Tores 1998, de Tores et al. 1995, de Tores 
et  al.  2004).  Translocation  was  also  seen  as  a  means  of  appropriately  managing 
rehabilitated individuals (P. de Tores, personal communication).  
A trial relocation of five radio-collared P. occidentalis was carried out in 1991 within 
the greater Busselton region (Locke Nature Reserve), and resulted in the death of four 
of the animals within six weeks (Jones 1991). The deaths were attributable to fox 
predation, and emphasised the need for predator control to be a component of any 
further  translocation  programs.  It  was  also  considered  more  appropriate  to 
reintroduce P. occidentalis into unoccupied parts of its former range, on the proviso 
that i) large enough areas of suitable habitat could be found and ii) the numbers of 
foxes could be reduced. Leschenault Peninsula Conservation Park (1,071 ha, Fig. 1.2), 
hereafter  referred  to  as  Leschenault  Peninsula,  was  chosen  for  initial  trials,  as  it Chapter 1 – Introduction 
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contains large forested areas dominated by peppermint, the preferred habitat type for 
P. occidentalis in coastal regions of south-west WA (de Tores 2008a, Jones et al. 1994b, 
Jones  1995).  Being  a  long  narrow  peninsula,  the  site  was  also  well-suited  for  fox-
baiting because opportunities for reinvasion by foxes were limited.  
Following  instigation  of  a  monthly  1080-baiting  program  in  September  1991,  eight 
radio-collared  rehabilitated  P. occidentalis  were  translocated  into  Leschenault 
Peninsula. All survived their first three months, so further releases were carried out as 
animals became available (de Tores et al. 2005a, de Tores et al. 1998, de Tores et al. 
2004). Translocations continued until 1995 by which time offspring of founder animals 
were  reproducing.  The  translocation  was  deemed  successful  by  1998,  as  annual 
spotlight surveys indicated that the population was continuing to increase and other 
behavioural criteria for success had been met (de Tores et al. 1998, de Tores et al. 
2004).  
Two additional 1080-baited translocation sites were established within the 12,888 ha 
Yalgorup National Park at White Hills Road (551 ha) and Preston Beach Rd (573 ha) 
(Fig. 1.2) in 1995. These sites were deemed to contain suitable peppermint-dominated 
habitat and were within the species former range. Translocations were carried out 
during 1995-2001, whenever displaced P. occidentalis became available (de Tores et al. 
2004, Lynch 1996). Intense post-translocation telemetry monitoring of radio-collared 
animals,  followed  by  intermittent  spotlight  surveys,  showed  these  populations 
remained extant until at least 2006 (de Tores 2008b, de Tores et al. 2004).  
Pseudocheirus  occidentalis    were  also  translocated  to  a  1080-baited  site  in  the 
northern jarrah forest, Lane Poole, during 1996-99 (de Tores et al. 2008a, de Tores 
2005, Mawson 2004, Morris 2000). There was a high mortality of P. occidentalis at the 
latter site due to suspected chuditch predation, in addition to some predation by foxes 
(Mawson  2004).  However,  P. occidentalis  have  been  observed  at  this  site  in 
subsequent surveys (de Tores et al. 2008a).  
Translocations of smaller numbers of P. occidentalis to Karakamia Sanctuary (275 ha), a 
predator-free  fenced  enclosure  east  of  Perth  owned  by  the  Australian  Wildlife 
Conservancy (Fig. 1.1), were carried out in 1995-96 and 1998-02 (AWC 2006, de Tores Chapter 1 – Introduction 
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et  al.  1998),  and  a  low  density  population  remains  in  existence  there  (AWC  2006, 
2009). Numbers of P. occidentalis translocated to each of the sites between 1991 and 
2001 are summarised in Table 1.5.  
 
Release Site
Leschenault Peninsula 122 (1991-97; mainly rehabilitated) 100 (mainly displaced)
White Hills Rd & Preston Beach Rd 140 (1995-2001; mainly displaced)
Martin's Tank 55 (mainly displaced)
Lane Poole 133 (1996-99; mainly rehabilitated)
Locke Nature Reserve 5 (1991, rehabilitated)
Karakamia Sanctuary 42 (1995-2002; rehab & displaced)
Total 442 155
N translocated  1991-2001 N translocated  2004-2006
Table 1.5 Numbers of P. occidentalis translocated to each site during the two periods 1991
to 2001 and 2004 to January 2006.
AWC (2006), de Tores (unpublished data)  
 
Although the translocated P. occidentalis populations in Yalgorup National Park have 
persisted until the present day (de Tores et al. 2008a), the population at Leschenault 
Peninsula suffered a major decline in numbers between 1998 and 2002 (de Tores et al. 
2005a, de Tores et al. 2004, de Tores 2005). Limited monitoring during those four 
years prevented identification of the reason(s) for this decline. Various possible causes 
were mooted, including changes in the fox-baiting regime, predation by cats and/or 
pythons, competition with T. vulpecula, prey switching, drought, unsuitable habitat, 
and disease  (de Tores et al. 2004, de Tores 2005). An increase in the level of fox 
predation as a result of changes in the 1080-baiting regime (lapses in effort, reduced 
bait  numbers,  a  change  to  burying  baits)  was  considered  the  most  parsimonious 
explanation for the decline, but it may not have been the single causal factor (de Tores 
et al. 2004).  
Translocations of P. occidentalis recommenced in 2004 with the aim of ascertaining the 
specific factors responsible for limiting translocation success at Leschenault Peninsula 
and  other  sites  (de  Tores  et  al.  2005b,  de  Tores  2005).  Pseudocheirus  occidentalis  
were translocated to two sites during 2004-05, one baited for fox control (Leschenault 
Peninsula)  and  the  other  an  unbaited  site  (Martin’s  Tank,  516  ha,  within  Yalgorup 
National Park, Fig. 1.2). Monitoring was carried out with the aim of determining causes Chapter 1 – Introduction 
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of mortality and effects of 1080-baiting on survivorship. Evidence from reintroduction 
programs of burrowing bettongs and other small native mammals in arid areas of WA 
(Christensen and Burrows 1994, Risbey et al. 2000) has indicated that fox-control may 
result in increased predation by feral cats, and it was important to determine whether 
such  mesopredator  release  effects  were  likely  to  be  deleteriously  affecting 
P. occidentalis  survivorship  in  baited  sites.  Numbers  of  P. occidentalis  translocated 
from 2004 to January 2006 are shown in Table 1.5.  
The translocation project described in this thesis took place during 2006-08. In addition 
to monitoring survivorship of P. occidentalis and T. vulpecula, the health and disease 
status of possums was assessed at both the source locations (P. occidentalis) and the 
translocation  sites  (P.  occidentalis  and  T. vulpecula).  Inter-specific  partitioning  of 
habitat use and other interactions between the two possum species that might affect 
P. occidentalis translocation success were also investigated. The previous translocation 
work  had  not  included  comprehensive  examinations  of  the  health  of  individual 
P. occidentalis, nor surveys for infectious diseases in either possum species. Neither 
had the issue of competition with T. vulpecula been specifically addressed.  
The possibility that disease could be limiting translocation success was highlighted by 
absence  of  any  compelling  evidence  for  other  cause(s)  of  the  rapid  decline  in 
P. occidentalis numbers at Leschenault Peninsula (de Tores et al. 2004, de Tores 2005), 
and the death of an individual P. occidentalis at one of the Yalgorup sites (White Hills 
Rd) due to toxoplasmosis (de Tores et al. 2008a). Although the latter was a one-off 
incident, it emphasised the current lack of knowledge about the prevalence of this 
disease,  and  others,  among  possums  in  south-west  WA.  The  rapid  decline  of 
P. occidentalis at Leschenault Peninsula could plausibly have been due to a disease 
episode, despite lack of evidence after the event.  
It  has  been  previously  hypothesised  that  competition  between  T. vulpecula  and 
P. occidentalis  may  limit  populations  of  the  latter  species  (How  and  Hillcox  2000, 
Wayne 2005). This suggestion is based on anecdotal behavioural observations and the 
fact  that  both  species  rarely  coexist  in  equal  numbers  within  discrete  vegetation 
communities in WA (de Tores et al. 2004, Jones and Hillcox 1995). There is strong Chapter 1 – Introduction 
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evidence that 1080-baiting for fox control directly benefits T. vulpecula at some sites in 
WA (Kinnear et al. 2002), and spotlighting data from Leschenault Peninsula during the 
years following commencement of 1080-baiting at that site suggest a similar effect (de 
Tores et al. 2004). Manipulative experiments, involving exclusion of T. vulpecula, are 
required  to  unequivocally  demonstrate  that  these  possums  competitively  limit 
P. occidentalis populations  (Wayne 2005). Although manipulative experiments were 
beyond  the  scope  of  my  study,  it  was  possible  to  incorporate  information  on 
T. vulpecula numbers at the study sites into analyses of P. occidentalis survivorship and 
to  investigate  levels  of  inter-specific  habitat  partitioning  through  use  of  radio-
telemetry and spotlight surveys.  
1.5.2 Aims  
The  overall  aim  of  my  study  was  to  investigate  translocation  outcomes  for 
P. occidentalis in the presence of sympatric T. vulpecula, in the context of the health 
status of both species and in relation to 1080-baiting for fox control. Within this broad 
topic there were five specific aims:  
1.  To assess the current health and disease status of P. occidentalis and T. vulpecula, 
and investigate relationships between health and translocation success. 
2.  To  determine  proximate  and  ultimate  causes  of  mortality  of  translocated 
P. occidentalis and resident T. vulpecula. 
3.  To model survivorship of radio-collared P. occidentalis and T. vulpecula in relation 
to individual animal characteristics, site-specific habitat attributes, 1080-baiting for 
fox control and climatic variables. 
4.  To examine habitat use by translocated P. occidentalis and resident T. vulpecula, 
investigate  levels  of  habitat  partitioning,  and  evaluate  the  evidence  for  inter-
specific competition.  
5.  To  ascertain  current P. occidentalis  and T. vulpecula  population  densities  at  the 
translocation sites using line transect survey methods.  Chapter 1 – Introduction 
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1.5.3 Chapter structure 
My thesis has eight chapters. This first one provides contextual information for the 
project by outlining past and present causes of fauna declines in Australia, introducing 
the  subject  of  translocation  and  its  value  as  a  management  tool,  emphasising  the 
importance of disease as a risk factor for endangered populations, reviewing current 
knowledge about disease in marsupials, and discussing relevant aspects of the biology 
and ecology of possums in south-west WA.  
The second chapter, general methodology, describes the field sites and provides an 
overview of the field methods employed to handle animals and gather information. 
Capture  techniques,  health  screening  procedures,  survivorship  monitoring,  radio-
telemetry  methods  and  population  survey  techniques  are  described  in  detail.  The 
analytical processes used to evaluate the data are introduced, and the software and 
statistical methods outlined.  
Chapters 3-7 address each of the five aims listed above. Chapter 3 documents the 
outcomes of the health screening process, and provides haematological and serum 
biochemical reference ranges for P. occidentalis in coastal south-west WA. Differences 
within and between the two possum species are detailed, and the health status of 
P. occidentalis before and after translocation compared.  
Chapter  4  describes  the  ultimate  causes  of  mortality  for  both  P. occidentalis  and 
T. vulpecula,  outlines  the  difficulties  of  determining  the  identity  of  some  predator 
species,  and  discusses  the  factors  that  contributed  to  the  demise  of  translocated 
individual  P. occidentalis.  Survivorship  modelling  for  both  P. occidentalis  and 
T. vulpecula is carried out in Chapter 5 in relation to a suite of factors considered likely 
to  be  important  for  translocation  success,  including  individual  variables  (age,  sex, 
origin, health parameters), environmental variables (rainfall, temperature) and site-
specific  variables  (vegetation  floristics  and  structure,  baiting  protocol,  numbers  of 
possible competitors). Together, Chapters 4 and 5 evaluate the factors currently most 
critical for translocation success at the study sites.  Chapter 1 – Introduction 
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Chapter  6  describes  habitat  use,  den  and  rest  site  characteristics  and  feeding 
preferences of P. occidentalis and T. vulpecula, and examines factors affecting home 
range  size.  Post-release  dispersal  of  translocated  P. occidentalis  is  illustrated,  and 
percentage home range overlaps of individual possums quantified. Chapter 7 describes 
the use of line transect survey methods to determine possum population densities 
within each field site, and outlines the limitations of this and other survey methods. 
The results from Chapters 6 and 7 provide data on densities and habitat preferences of 
each possum species, and information on the degree of habitat partitioning that occurs 
between them.  
Chapter 8 presents an overall summary of the results of the component field studies 
and a general discussion of the significance of these outcomes to the present and 
future management of P. occidentalis. Ecological attributes of the translocation sites 
requiring further study are identified, alternatives to translocation are discussed and 
recommendations for further experimental research are outlined.  
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Chapter 2: 
Study sites and methods 
2.1 STUDY DESIGN 
2.1.1 Overview 
The current research program, of which this project is part, began in February 2006 
and was set up as a collaborative project between DEC and the School of Veterinary 
and  Biological  Sciences  at  Murdoch  University.  The  research  took  place  as  two 
separate projects, one studying the health status, survivorship, causes of mortality, 
population density and habitat use of P. occidentalis and T. vulpecula at sites in the 
Busselton region where both species naturally coexist (Grimm in prep), and the other 
investigating the same factors at the translocation sites (this project). Descriptions of 
the  field  sites,  details  of  the  field  methodology  and  an  overview  of  the  analytical 
techniques used are provided in this chapter.  
2.1.2 Field Sites 
Rehabilitated and displaced P. occidentalis from the Busselton region of south-west 
WA were translocated to three field sites, all within conservation estates managed by 
DEC. Two of the translocation sites were baited for fox control (using 1080 baits) and 
one was not. The three sites were: Leschenault Peninsula Conservation Park (a baited 
site previously used for P. occidentalis translocations in the 1990s, hereafter referred 
to as Leschenault Peninsula); Martin’s Tank (an unbaited site within Yalgorup National 
Park,  previously  used for  P. occidentalis  translocations  during 2004  and 2005);  and 
Preston Beach Road (a baited site within Yalgorup National Park, previously used for 
P. occidentalis  translocations  in  the  1990s).  Translocation  sites  were  all  within  the 
inferred pre-European range of P. occidentalis (Fig. 1.1 in Chapter 1). Locations of the 
three sites in relation to the Busselton development sites and to each other are shown 
in Fig. 2.1. Chapter 2 – Methods 
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Figure 2.1 Map showing locations of field sites in relation to Busselton 
(source of P. occidentalis) and other locations in south-west WA. 
 
Initially it had been intended that possums would be translocated into four, rather 
than three, field sites; two baited for fox control and two unbaited. This would provide 
replication of one of the main variables of interest: baiting for fox control. However, 
due to the time-consuming nature of the field work, the project was restricted to 
fewer  sites.  A  potential  fourth  unbaited  site  which  could  be  used  for  future 
translocations was identified during the study (Fig. 2.1).  
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Translocation  sites  were  chosen  on  the  basis  of  habitat  characteristics  and 
management  practices  considered  suitable  for  establishment  and  maintenance  of 
P. occidentalis from extant coastal populations. These characteristics included: dense 
stands  of  peppermint  (the  preferred  food  species  of  P. occidentalis  in  and  around 
Busselton (Jones et al. 1994a), presence of suitable den sites (hollows, dense foliage, 
or grass trees), extensive areas of continuous canopy or dense understorey, exemption 
from recent and planned burns, baiting for fox control (Leschenault Peninsula and 
Preston Beach Road), and sufficient distance from open farmland to limit incursions by 
domestic cats and dogs (Martin’s Tank).  
The three study sites were each deemed sufficiently large for sustainable populations 
of P. occidentalis to have a chance of establishing, based on known densities of the 
species in other coastal areas (Jones et al. 1994a, Fig 7.4.1 in Chapter 7). Detailed maps 
of  each  site  are  provided  in  Figs  2.2,  2.3  and  2.4,  and  a  photograph  of  typical 
peppermint forest is shown in Fig. 2.5. 
All three field sites experience hot, dry summers and cool, wet winters. Most of the 
annual rainfall occurs between May and September and drought conditions may be 
experienced in late summer/autumn. The mean annual rainfall is approximately 850 
mm (Australian Bureau of Meteorology, CALM 1995, 1998, Rosen et al. 1996) but inter-
annual variability is high. Mean maximum temperatures are in the order of 17°C in July 
and  28°C  in  January-February;  however,  several  days  of  over  35°C  are  usually 
experienced  each  summer  (Australian  Bureau  of  Meteorology,  CALM  1995,  1998, 
personal observations). 
a) Leschenault Peninsula 
Leschenault Peninsula is located 22 km north of the town of Bunbury (Fig. 2.1) and 150 
km  south  of  Perth.  It  is  a  1,071  ha  elongate  extension  of  the  Swan  Coastal  Plain 
between the Indian Ocean and the Leschenault Inlet (Fig. 2.2); it varies in width from 
0.8 to 1.5 km and is approximately 11 km long (CALM 1998). The Peninsula consists of 
a series of mobile and vegetated dunes and some woodland plains. The dunes form 
part  of  the  Quindalup  Dune  System  and  the  woodland  plains  are  part  of  the 
Yoongarillup Plain (Trudgen 1984 and references therein). The flora of the Peninsula is Chapter 2 – Methods 
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dominated by flowering plants; 122 native flowering plant species have been recorded. 
The most abundant of these include two trees, peppermint (A. flexuosa) and tuart  
(E. gomphocephala), and several shrubs, Templetonia retusa, Spyridium globulosum, 
Diplolaena dampieri, Acacia rostellifera, and A. cochlearis. Two liane (vine) species are 
also common, Hardenbergia comptoniana and Clematis microphylla (Trudgen 1984).  
The  vegetated  Quindalup  dunes  tend  to  be  dominated  by  peppermint  of  varying 
heights, along with a variety of shrub species. Tuart trees are found mainly on the 
Yoongarillup woodland plains where peppermint occurs as a less dense understratum. 
Vegetation density tends to be greater on the dune systems than on the woodland 
plains. The largest areas of continuous peppermint forest (Fig. 2.5) are found on the 
northern third of the Peninsula; tuart woodlands dominate the middle third, and the 
southern third consists of smaller stands of peppermint forest interspersed by areas of 
low  shrubland  and  sand  dunes  (Trudgen  1984,  see  also  Fig  6.5  in  Chapter  6). 
Translocated  P. occidentalis  were  released  at  locations  in  the  northern  and  middle 
sections  of  the Peninsula  (see  Section  2.2.5 for  details).  The  whole  of  Leschenault 
Peninsula was baited for fox control on a monthly basis (Section 2.1.4) and was exempt 
from prescribed burning over the duration of the translocation project (de Tores et al. 
2004, de Tores 2005). The isthmus that joins the northern end of the Peninsula to the 
mainland is 600 m wide and provides the only reinvasion point for foxes.  
b) Yalgorup National Park 
Yalgorup National Park (YNP) lies on the western edge of the Swan Coastal Plain, 105 
km south of Perth, extending from 10 km south of Mandurah to the southern tip of 
Lake Preston (Fig. 2.1). The National Park is 12,888 ha in area and encompasses 10 
lakes which run in a series of chains parallel to the coast within the Spearwood Dune 
System  (CALM  1995,  Rosen  et  al.  1996).  The  Quindalup  Dune  System  fringes  the 
coastline.  Pale  sandy  soils  characterise  the  Quindalup  system,  and  the  vegetation 
consists  mainly  of  coastal  heath  (WAPC  1999).  The  Spearwood  Dune  System 
characterises the majority of YNP and consists of a series of dune ridges and plains. 
Sandy soils overlay aeolian or marine limestone at varying depths.  Chapter 2 – Methods 
  71 
Leschenault Inlet Leschenault Inlet
 
Figure  2.2  Leschenault  Peninsula  Conservation 
Park,  showing  roads,  release  sites  for  
P.  occidentalis  (pink  stars)  and  trapping  web 
locations (black). Chapter 2 – Methods 
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Vegetation  varies  with  soil  depth  and  includes  peppermint/tuart  forest,  and  open 
jarrah/marri/Banksia woodland. Understorey shrub assemblages are often dense and 
include species such as T. retusa,  S. globulosum, Hibbertia spp., and Melaleuca spp. 
Near  the  lake  edges  the  vegetation  is  dominated  by  M.  rhaphiophylla  and  sedges 
(CALM 1995, WAPC 1999).  
The Martin’s Tank field site lies between Martin’s Tank and Lake Pollard (Fig. 2.3), and 
encompasses a mixture of vegetation types from coastal heath on the western side to 
peppermint/tuart  forest  in  the  middle  and  jarrah/marri/Banksia  woodland  to  the 
south  (see  also  Fig.  6.5  in  Chapter  6).  Understorey  species  include  T.  retusa,  S. 
globulosum,  and  Melaleuca  spp.  Vegetation  along  the  lake  edges  consists  of  M. 
rhaphiophylla  and  sedges.  Translocated  possums  were  released  in  peppermint-
dominated areas near the south-west end of Lake Pollard and near the north-west end 
of Martin’s Tank (Section 2.2.5). The 516 ha area was exempt from prescribed burns 
throughout the study period (de Tores et al. 2004, de Tores 2005); however, much of 
the western half was unintentionally burnt shortly after the field work ended.  
The Preston Beach Road field site is situated to the east of the northern section of Lake 
Preston (Fig. 2.4). Vegetation along the lake edge consists of  M. rhaphiophylla and 
sedges; inland of this is a strip of tuart/peppermint/Banksia with S. globulosum and 
Melaleuca  spp.  understorey.  Much  of  the  remainder  of  the  site  consists  of 
jarrah/marri/Banksia woodland, with a second strip of peppermint to the east of a 
scrubby ridge (see also Fig. 6.5 in Chapter 6). Translocated possums were released 
within the peppermint/tuart strip nearest Lake Preston (Section 2.2.5). The 573 ha site 
is baited for fox control (Section 2.1.4) and excluded from prescribed burns (de Tores 
et al. 2004, de Tores 2005).  
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Figure 2.3 Martin’s Tank fire exclusion zone, 
showing  roads,  release  sites  for  
P.  occidentalis  (stars)  and  trapping  web 
locations. 
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Figure  2.4  Preston  Beach  Rd  fire  exclusion 
zone,  showing  roads,  release  sites  for  
P.  occidentalis  (stars)  and  trapping  web 
locations. Chapter 2 – Methods 
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Figure  2.5  Typical  peppermint-dominated  forest  into  which 
P. occidentalis  were  translocated.  (Photo  taken  at  Leschenault 
Peninsula.) 
 
2.1.3 Field stations 
Field stations were located at Busselton, at Preston Beach (near Yalgorup National 
Park) and at Leschenault Peninsula (see Fig. 2.1). Each field station was set up with a 
processing room containing an anaesthetic machine and all necessary equipment for 
health screening and radio-collaring. This eliminated the need to process animals in 
the field and allowed for all procedures to be carried out under general anaesthesia, Chapter 2 – Methods 
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thus  minimising  handling  stress.  Possums  were  kept  within  their  bags  in  a  quiet 
darkened room at all times, other than during processing and transport.  
2.1.4 Fox-baiting protocols 
Baiting  for  fox  control  has  been  carried  out  at  Leschenault  Peninsula  and  Preston 
Beach Road since 1991 and 1995 respectively (de Tores and Marlow in prep). During 
the  years  of  the  current  study,  tethered  dried  sausage-style  baits  (Probait), 
manufactured  by  the  Western  Australian  Agriculture  Protection  Board  (APB)  and 
containing 3.0 mg per bait of sodium monofluroacetate toxin, also known as 1080, 
were deployed on a monthly basis along the roads within the fire exclusion  zones 
shown in Figs 2.2 and 2.4 and along the shore of Lake Preston. Fifty-six baits were laid 
per  month  at  Leschenault  Peninsula  and  baiting  intensity  was  approximately  5 
baits/km
2 at Preston Beach Road. Although baiting was scheduled to be carried out at 
monthly intervals, the actual interval varied from 2-6 weeks at Leschenault Peninsula 
and 3-9 weeks at Preston Beach Road. Records were kept of the numbers of baits 
taken over each interval, but it was not known when during that time period each bait 
was  removed,  or  by  what  species of  mammal,  reptile  or  bird.  Untaken baits  were 
replaced with fresh ones at the following baiting session, if damaged or weathered.  
2.1.5 Study Animals 
Individul P. occidentalis  for inclusion in the translocation program were obtained from 
two main sources: a) wild P. occidentalis displaced from their natural habitat in the 
Busselton region by land clearing for building development and b) orphaned, displaced 
or  injured  P. occidentalis  in  the  care  of  local  and  regional  wildlife  rehabilitators. 
Possums in the first category were available from development sites where the degree 
of  land  clearing  was  such  that  translocation  became  a  condition  of  development 
approval under the Environment Protection and Biodiversity Conservation (EPBC) Act, 
1999. Availability of P. occidentalis in the second category decreased as the project 
progressed due to lack of cooperation from the wildlife rehabilitator community who 
viewed  the  translocation  program  in  a  negative  light  because  mortality  rates  of 
translocated  individuals  were  high.  Overall,  44  and  25  P. occidentalis  were Chapter 2 – Methods 
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incorporated into the translocation program from sources a) and b) respectively during 
2006  and  2007.  The  numbers  of  P. occidentalis  from  each  source  entering  the 
translocation program, and the field sites to which they went, are shown in Table 2.1.  
The aim of the original study design was to monitor ten radio-collared possums of each 
species at each field site throughout a 24 month study period from early 2006 to early 
2008, with equal proportions of P. occidentalis at each site coming from each of the 
two sources. As possums died they were to be replaced with other collared animals so 
that  ten  of each  species  were  on  the  air  at  all  times.  For  logistical  reasons  (time, 
terrain, availability of animals, high mortality rates) it proved impossible to have this 
number of animals on air at all times; therefore fewer animals were monitored long-
term than was originally anticipated. The total numbers of possums radio-collared and 
monitored at each site are shown in Table 2.2. The numbers alive at any one time 
varied,  and  are  described  in  detail  in  Chapters  4  and  5.  One  of  the  collared 
P. occidentalis at Leschenault Peninsula was a recruit to the population and thus not a 
translocated animal.  
Greater  numbers  of  possums  were  health-screened  than  were  radio-tracked;  total 
numbers of each species health-screened are shown in Table 2.3. Most radio-collared 
P. occidentalis were health-screened prior to release, apart from three animals that 
were translocated (by P. de Tores) prior to the commencement of my project. Some 
additional non-collared or non-released P. occidentalis were also health-screened (one 
non-collared; five non-released, see Chapter 3).  
In addition, a subset of the naturally-occurring T. vulpecula population was monitored 
at each translocation site. As well as those that were radio-collared (Table 2.2), an 
additional  44  T. vulpecula  were  health-screened  (Table  2.3).  The  latter  were 
opportunistically captured when trapping for collared animals, and their inclusion in 
the  health  screening  process  helped  maximise  the  size  of  the  health  data  set  for 
analytical and disease surveillance purposes. Many of the individual possums of both 
species  were  re-captured  and  re-screened  during  the  project.  The  dates  on  which 
individual animals were health-screened are recorded in Appendix 1.  
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Field Site
Development sites Wildlife carers
Leschenault Peninsula 19 11
Martin's Tank    14 * 10
Preston Beach Rd    11 * 4
* One was not radio-collared at each of two sites
Translocated P. occidentalis sourced from:
Table 2.1  Numbers of P. occidentalis by source translocated to each field site.
 
 
Field Site
P. occidentalis T. vulpecula
Leschenault Peninsula 31 * 14
Martin's Tank 23 5
Preston Beach Rd 14 5
* Includes one recruit to the population (offspring of a translocated female)
Numbers of radio-collared possums monitored
Table 2.2  Numbers of possums of each species collared and monitored at each field site.
 
 
Field Site
P. occidentalis T. vulpecula
Leschenault Peninsula 29 23
Martin's Tank 23 22
Preston Beach Rd 14 23
Not released 5
Total numbers of possums health-screened
Table 2.3  Numbers of possums of each species health-screened at each field site.
 
 
All except three of the P. occidentalis displaced by building development were sourced 
from two neighbouring sites in the outer urban Busselton area. These were Ray Village 
and Cape View (20 and 21 possums respectively). Both developments were located to 
the west of the Busselton town centre on the semi-urban tourist strip along the Bussell 
Hwy. Each development site was approximately 5 ha in area and contained numerous 
mature peppermint trees, many of which were being removed for construction of villa 
accommodation. Three other P. occidentalis came from smaller sites. All development 
sites from which P. occidentalis were translocated were within areas classed as core 
habitat for P. occidentalis within the greater Busselton region (DEWHA 2009a, 2009d).  
Translocated P. occidentalis were categorised as either adult (sexually mature), sub-
adult (> 600 g body weight with developing pouch or testicles) or juvenile (< 600 g Chapter 2 – Methods 
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body weight with undeveloped pouch or testicles). Most radio-collared P. occidentalis 
were adults or sub-adults (Table 2.4). Greater numbers of female P. occidentalis were 
translocated than males (Table 2.5). This was a function of the availability of animals of 
each sex. The displaced population in particular showed a female bias in numbers, 
which seemed to be characteristic of the overall P. occidentalis population in that part 
of the Busselton urban area at the time (Jones et al. (1994a), P. de Tores, personal 
communication).  
 
Field Site
Adult Sub-adult Juvenile
Leschenault Peninsula 24 4 2
Martin's Tank 17 6    1 *
Preston Beach Rd 10 4    1 *
* One was not radio-collared at each of two sites
Ages of translocated P. occidentalis
Table 2.4  Numbers of P. occidentalis of each age translocated to each field site.
 
 
Field Site
Male Female
Leschenault Peninsula 12 18
Martin's Tank    13 * 11
Preston Beach Rd      8 * 7
* One was not radio-collared at each of two sites
Sex of translocated P. occidentalis
Table 2.5  Numbers of P. occidentalis of each sex translocated to each field site.
 
 
Translocated  P. occidentalis  carrying  radio-collars  were  recaptured  at  4-5  monthly 
intervals  for  radio-collar  replacement  and  follow-up  post-translocation  health 
screening. The numbers of P. occidentalis recaptured at each site are shown in Table 
2.6. The radio-collared T. vulpecula were recaptured at approximately three-monthly 
intervals  for  collar  replacement  and  repeat  health  screening.  The  numbers  of 
T. vulpecula health screened at each site on each occasion are shown in Table 2.7.  
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Field Site Number of P. occidentalis recaptured
Leschenault Peninsula 4
Martin's Tank   10 *
Preston Beach Rd     3 *
* Three were recaptured a second time at each of two sites
Table 2.6 Numbers of P. occidentalis re-captured for re-collaring and post-translocation
health-screening at each site.
 
 
Field Site
Nov-Dec 2006 Feb-Mar 2007 May 2007 Oct-Nov 2007 Feb 2008
Leschenault Peninsula 3 8 5 16 9
Martin's Tank 5 10 0 11 4
Preston Beach Rd 5 6 7 8 2
* Numbers include multiple screenings of individual animals
Table 2.7  Numbers of T. vulpecula health-screened at each site on each occasion. 
Numbers of T. vulpecula health-screened *
 
 
2.1.6 Animal ethics permits and associated licences 
All work was carried out with the approval of both DEC and Murdoch University Animal 
Ethics Committees. Permit numbers were W1062/04 and W2028/07 (Murdoch) and 
2006/55 (DEC). I was licensed to use animals for scientific purposes according to the 
Animal Welfare Act, 2002 and also licensed to take fauna for scientific purposes under 
Regulation 17 of the Wildlife Conservation Act, 1950.  I also obtained a firearms licence 
in order to legally use a tranquilizer dart gun, and was registered to practise as a 
veterinarian in WA.  
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2.2 FIELD METHODS 
2.2.1 Capture methods and locations  
a) Capture of P. occidentalis 
A custom-built dart gun and darts containing Zoletil 100™ (Virbac Australia, Milperra, 
NSW) anaesthetic agent were used to capture free-living P. occidentalis at building 
development sites prior to translocation and at field sites post-translocation. The dart 
gun was a modified air rifle with four pressure settings, and the darts were assembled 
from 0.5 ml Terumo™ (Terumo Medical Corporation Australia, Macquarie Park, NSW) 
insulin  syringes  with  custom-designed  brass  tips  and  plastic  tails  (P.  de  Tores, 
unpublished  data).  The  darts  and  gun  are  illustrated  in  Fig.  2.6,  and  the  dart 
construction and assembly process described below. Occasionally the barrel of the dart 
gun  was  used  as  a  blow  pipe  to  dart  P. occidentalis  at  close  range.  Zoletil  100™, 
consisting of tiletamine and zolazepam in a 1:1 ratio at an overall concentration of 100 
mg/ml, was used at an estimated dose rate of 0.12 mg/kg in the darts. The drug has a 
high  safety  margin  and,  at  this  dose  rate,  resulted  in  heavy  sedation  or  light 
anaesthesia of P. occidentalis within 2-3 min of intramuscular injection.    
Darting of P. occidentalis was usually carried out at night when animals were actively 
foraging.  Thirty  watt  modified  Lightforce™  (Hindmarsh,  South  Australia)  spotlights 
were used to illuminate possums within range (up to 8 m away), and shots were fired 
when animals were stationary and presenting a rump or flank view. Possums usually 
lost their grip on the tree within a few minutes of successful darting, and were caught 
on  a  2x2  m  bed-sheet  held  between  two  people  once  they  fell.  Animals  were 
occasionally  darted  in  daylight  hours  after  being  flushed  from  their  rest  sites  or 
opportunistically found in positions amenable to darting. A few P. occidentalis were 
captured by hand at rest sites or when they descended within reach at night.  
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a)
b)
a)
b)
 
Figure 2.6 a) dart gun and dart components, b) dart 
components and assembled dart (see text for details) 
 
Captured  P. occidentalis  were  checked  briefly  for  injury  and  depth  of  sedation  or 
anaesthesia before being put into 45x35 cm calico bags for transport back to the field 
station  at  which  processing  (health  screening  and  radio-collaring)  was  carried  out. 
Possums remained in these bags at all times between capture and release (maximum 
of 24 hrs), except when anaesthetised for processing. In hot weather half an apple was 
provided to P. occidentalis in their bags after recovery from anaesthesia as a source of 
moisture. In winter, the calico bags containing captured P. occidentalis were put in 
boxes next to hot water bottles to provide warmth, especially during recovery from 
anaesthesia when endogenous regulation of body temperature is compromised.  
Resident P. occidentalis at building development sites were captured over a period of 
1-8  nights  immediately  prior  to  land  clearing.  Spotlights  were  used  to  detect  the 
possums as they foraged in the trees at night. Captured P. occidentalis were processed Chapter 2 – Methods 
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the  following  day  and  released  at  the  translocation  field  sites  the  next  night  (see 
below). One possum was opportunistically captured in a Sheffield cage trap (Sheffield 
Wire Products, Welshpool, WA) positioned on a wall that possums used for travelling 
between trees; this capture was considered unusual as P. occidentalis are not usually 
tempted  into  baited  traps  (Wayne  et  al.  2005b).  Possum  darting  continued  over 
successive nights until few P. occidentalis remained on site and land clearing was due 
to commence. During the land clearing process, each tree was individually checked 
prior to bulldozing to ensure that no P. occidentalis remained in visible dreys.  
Recapture  of  translocated  P. occidentalis  for  radio-collar  replacement  and  post-
translocation health screening was again carried out by darting of animals at night. 
Possums  were  located  by  radio-tracking  (see  below).  Catching  poles  (extendable 
aluminium poles with a shepherd’s crook on one end) were sometimes used to shake 
the tree foliage and shepherd possums into darting range. Captured possums were 
transported  in  calico  bags  back  to  the  field  station for  processing.  Not  all  capture 
attempts  were  successful,  particularly  when  possums  were  in  tall  trees  or  dense 
foliage; sometimes it took up to three successive nights of darting before the possum 
concerned was caught. There were no known deaths or injuries associated with the 
darting procedures.  
b) Dart construction and assembly 
The dart design was a modification of that described in Evans and Green (1997) (P. de 
Tores, personal communication). Each dart consisted of three main components: tip, 
shaft  and  tail  (Fig.  2.6b).  The  brass  tips  and  plastic  tails  were  machined  to  tight 
specifications  to  fit  snugly  into  the  gun  barrel.  Twenty-one  gauge  B&D™  (Becton, 
Dickinson and Company Australia, North Ryde, NSW) hypodermic needles were cut 
down to 12 mm in length and glued into the brass tips using 24 hour Araldite™ (Selleys 
Pty Ltd, Padstow, NSW). Terumo™ 0.5 ml insulin syringes were cut to size at the 0.0 ml 
and 0.35 ml marks, with the rubber plunger included, to form the shafts. Prior to each 
night’s darting activity between 10 and 30 shafts were filled with Zoletil 100™ to the 
0.13 ml level and then capped with brass tips. The joined tips and shafts were held 
immobile upside down by poking the needles into a clean sponge. The back end of Chapter 2 – Methods 
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each shaft was then filled with brown household vinegar to the 0.25 ml mark. An equal 
number  of  hollow  plastic  tails  were  each  packed  with  a  thick  paste  of  sodium 
bicarbonate and water and carried to the capture location separately from the upper 
part of the dart.  
Immediately prior to firing a shot, a packed dart tail was joined to the vinegar-filled 
end of a shaft. The impact of the shot caused the sodium bicarbonate from the hollow 
tail to mix with the vinegar in the shaft to produce carbon dioxide, thus mobilising the 
plunger and ejecting the Zoletil 100™ through the needle which, by this stage, was 
(ideally) lodged in the rump or flank musculature of the possum. More darts were 
assembled than the number of animals expected to be captured to allow for darts to 
miss (common), bounce out or fail to discharge. Attempted darting of possums greater 
than  8  m  away  or  partially  concealed  by  foliage  was  rarely  successful  given  the 
relatively slow speed of travel of the dart (often inconsistent between shots) and the 
parabolic nature of its trajectory.  
c) Capture of T. vulpecula 
A sample of resident T. vulpecula  was captured at each of the three translocation sites 
using Sheffield cage traps (Fig. 2.7) baited with balls of rolled oats, peanut butter and 
honey. Traps were positioned at 15 m intervals in a web design (8 arms with 12 traps 
each); trapping webs were located within 500 m of translocated P. occidentalis release 
sites so that home ranges of collared animals of both species would be as concurrent 
as possible in both time and space, thus facilitating assessment of any inter-specific 
competition that might exist. Locations of trapping webs in relation to P. occidentalis 
release sites are illustrated in Figs 2.2, 2.3 and 2.4. The trapping webs were set up as 
part of a larger study investigating prey densities at 1080-baited and unbaited sites in 
peppermint and tuart dominated coastal forest types, in relation to fox-baiting and 
possible subsequent mesopredator release (Nowicki 2007). 
Cage  traps  were  set  for  3-5  consecutive  nights  and  cleared  early  each  morning. 
Captured T. vulpecula were given reflective ear tags and individually-numbered with 
subcutaneously-implanted Trovan™ (Trovan Ltd, UK) microchips. Possums used in this 
study were transferred into 50x60 cm dark cotton bags or hessian sacks for transport Chapter 2 – Methods 
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to the field station where they were further processed under general anaesthesia (see 
below). Those not entering this study were sexed, weighed, measured (hind foot and 
head length) and released immediately (Nowicki 2007). 
 
 
Figure 2.7 Cage trap with T. vulpecula and bait (A. Nowicki) 
 
The radio-collared T. vulpecula used in this study were recaptured at various intervals 
for  collar  replacement  and  repeat  health  screening.  Radio-collars  needed  to  be 
replaced  at  4-12  month  intervals  depending  on  collar  type  (see  below).  Health 
screening of resident T. vulpecula was carried out approximately seasonally to obtain a 
representative data set from the population at each field site. Thus 30-90 traps were 
set for 2-5 successive nights at each site every 3-4 months from November 2006 to 
March 2008. The first two trapping sessions were carried out as part of the concurrent 
study (Nowicki 2007); the remaining sessions used a subset of trapping web locations 
and other nearby positions to recapture collared animals and capture others for health 
screening. Chapter 2 – Methods 
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2.2.2 Anaesthesia of P. occidentalis and T. vulpecula 
After  transport  to  the  field  station,  individuals  of  each  possum  species  were 
anaesthetised using isoflurane inhalation anaesthesia, so that  health screening and 
radio-collaring procedures could be undertaken with minimal additional stress. The 
anaesthetic  machine  used  was  a  portable  Stinger™  model  (Advanced  Anaesthesia 
Specialists, Sydney, Australia), employing an open non-rebreathing circuit system (Fig. 
2.8a).  
Possums  were  masked down  with 5.0%  isoflurane  and  an  oxygen flow  rate  of  1.5 
L/min. Each P. occidentalis was masked down through the calico bag to nullify chances 
of escape and minimise stress. As the cotton or hessian bags used for T. vulpecula were 
thicker, the head of the animal was gently exposed and the mask put over the nose 
and mouth for induction. As long as actions were carried out slowly and gently during 
induction, the possums rarely struggled or displayed signs of stress. 
 
a)
c)
b)
a)
c)
b)
 
Figure 2.8 a) Portable anaesthetic machine, b) P. occidentalis under isoflurane 
anaesthesia, c) P. occidentalis recovering in calico bag 
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After approximately two minutes, when the animal was fully relaxed (equivalent to 
light  surgical  anaesthesia)  and  removed  from  its  bag  (Fig.  2.8b),  the  isoflurane 
concentration was turned down to 1.5% or 2.0% as a maintenance level. The oxygen 
concentration remained at 1.5 L/min throughout. Heart and respiration rates were 
monitored at intervals during the period of anaesthesia. Records of these rates at the 
start of the procedure (immediately post induction) were kept for comparison with 
biochemical indicators of stress levels (e.g. creatinine kinase) and leukocyte profiles. 
Each animal lay on a clean cloth on top of a heat pad throughout the time it was 
anaesthetised. The health screening and radio-collaring process took between 20 and 
50 minutes per animal (see below). The isoflurane was turned off once these activities 
were complete, and the possum remained on oxygen for 5-10 further minutes. Once 
the animal awoke it was placed in a clean calico or cotton bag (Fig. 2.8c) inside a 
padded cardboard box containing a hot water bottle for warmth, and left in a dark 
quiet place to recover fully.  
2.2.3 Health screening of P. occidentalis and T. vulpecula 
a) Physical examination 
Heart  rate,  respiration  rate  and  rectal  body  temperature  were  recorded  once  the 
possum  was  fully  anaesthetised.  Body  condition  was  estimated  and  categorised  as 
either poor, poor-fair, fair, fair-good or good based on qualitative palpation of the 
amount  of  body  fat  and  muscle  mass  around  the  rump  (i.e.  prominence  of  bony 
protuberances  of  spine  and  pelvis)  and  overall  appearance  of  body  and  pelage.  A 
superficial  examination  of  the  entire  body  was  carried  out  to  check  for  injuries, 
abnormalities and evidence of external parasitism.  
The health of the ear canals down to the ear drum was checked with an otoscope, and 
the  eyes  examined  for  conjunctivitis,  corneal  ulcers  and  lens  opacity  using  an 
ophthalmoscope.  The  degree  of  tooth  wear  (upper  incisors  and  upper  and  lower 
molars) was noted and categorised qualitatively as unworn/slightly worn, quite worn, 
or  very  worn.  Although  age  was  not  estimated  precisely,  this  provided  a  general 
indication of adult animal age (young, middle-aged, old, respectively).  Chapter 2 – Methods 
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The  degree  of  pouch  and  testicle  development  was  noted  for  females  and  males, 
respectively. The pouches of all adult females were checked for presence of offspring, 
mammary gland development and evidence of recent use. Body lengths of juvenile 
offspring  were  measured  or  estimated  and  developmental  stage  recorded  (naked, 
pigmented, furred). Offspring large enough to be safely removed were weighed and 
their sexes determined.  
b) Body measurements 
A set of standard measurements was taken from each possum whenever processing 
was carried out (Table 2.8). This provided an index of growth rate for juvenile and sub-
adult animals and a quantitative estimate of body condition for adults (Chapter 3).  
 
Measurement Description
Body Mass
Net body mass in grams. Not including collar, but including pouch 
young too small to remove from the pouch.
Head-Body Length
Measured in mm using a tape measure from the tip of the rostrum 
to the cloaca, with the possum lying on its back. 
Tail Length
Measured in mm using a tape measure from the cloaca to the end of 
the tail.
Length of Right Pes
Measured in mm using vernier calipers from end of the middle toe 
pad to the tarsal pad (ie: "long pes").
Head Length
Measured in mm using vernier calipers from the tip of the rostrum 
to the foramen magnum.
Testicle Length and Width Measured in mm using vernier calipers. The right testicle was used.
Table 2.8  Description of body measurements
 
 
c) Marking of individuals 
Each individual possum (except offspring too small to remove from the pouch) was 
given a subcutaneously-implanted Trovan™ microchip, with a unique ID number, and a 
reflective ear tag. Microchips were implanted under the skin between the shoulder 
blades, and ear tags were applied to the lower outer edge of the pinna (right ear for 
females, left ear for males). The glass-encapsulated Trovan™ microchips were 12 mm 
long and 2 mm wide. Implantation was carried out using a Trovan™ applicator; alcohol 
was applied to the skin prior to injection, and the microchip massaged away from the Chapter 2 – Methods 
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injection site to minimise chances of loss. The microchip site was not glued closed, as it 
was found that the microchips rarely tracked out of the injection site.  
A small semi-circular skin biopsy was taken from the ear of each marked possum for a 
separate  study  on  population  genetics  and  determination  of  relatedness  between 
individuals (Wilson et al. 2009, Wilson 2009). A 5 mm biopsy punch was used to take 
the sample from the outer ear margin of the opposite ear to that in which the ear tag 
was  inserted.  The  ear  was  swabbed  with  a  sterile  alcohol  swab  prior  to  biopsy 
collection and gloves were worn to prevent cross-contamination with human DNA. 
Instruments  used  for  biopsy  collection  were  flame-sterilised  between  animals  to 
ensure that only DNA from the individual of interest entered the storage vial. Biopsy 
samples were stored at room temperature in 3 ml vials of salt-saturated 20% dimethyl 
sulfoxide (DMSO) solution (Seutin et al. 1991).  
d) Sample collection 
Samples collected for determination of health status and exposure to disease included 
whole blood, serum, urine, faeces and mucosal swabs. Blood was collected from the 
lateral tail veins, urine was obtained by manual expression of the bladder, faeces were 
opportunistically collected while the animal was in captivity and swabs were taken 
from the cloaca, conjunctiva, and pharynx (Table 2.9).  
The volume of blood collected was determined by body weight (0.5 ml per 100g of 
body weight) to a maximum of 4 ml. This was sufficient for all required tests. The 
lateral tail veins were found to be the most reliable sampling location. A small amount 
of  fur  was  shaved  in  order  to  visualise  the  vein  prior  to  venipuncture.  Blood  was 
collected via a 25 gauge needle into a 3 or 5 ml syringe. Warming the animal on a hot 
water  bottle  prior  to  anaesthesia  stimulated  peripheral  circulation  and  improved 
speed and success of blood collection in cold weather.  
Half a millilitre of blood was transferred into EDTA and the remainder into a plain 
blood tube where it was allowed to clot. The clotted blood was spun for 5-10 min at 
1500 rpm in a small bench top centrifuge to separate the cells from the serum. The 
serum  was  pipetted  off  into  three  individual  vials  for  analysis.  Whole  blood  was Chapter 2 – Methods 
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refrigerated and serum refrigerated or frozen prior to transport on ice to laboratories 
for analysis (see below).  
 
Sample Amount Test
Whole blood in EDTA 0.5 ml Haematology panel 
Serum 0.5 ml Serum biochemistry panel
Urine 5-10 ml Standard urinalysis
Cloacal swab       1
Aerobic and anaerobic culture, including 
screening for Salmonella spp. 
Faeces 10 g Faecal parasite identification
Serum 0.3 ml Testing for antibodies to Toxoplasma gondii
Serum 0.3 ml Testing for antibodies to Leptospira serovars
Serum 0.3 ml Testing for Cryptococcus antigen
Ectoparasites if present Ectoparasite identification
Swabs from conjunctiva of eyes, 
pharynx and cloaca
      4 PCR testing for Chamydiales
Table 2.9  Samples collected during the health-screening process and tests carried out.  
(See Tables 2.10 to 2.13 for further details.)
 
 
Voided urine was collected by manual expression of the bladder into a 50 ml sterile 
urine container. In some cases the bladder was empty, so no urine was obtained. Urine 
was refrigerated prior to transport on ice to the analytical laboratory.  
Faeces were collected if available. Possums captured by darting usually defecated in 
their bags over the reminder of the night. The P. occidentalis captured during daylight 
hours produced soft faeces that they ate during the day, so samples were sometimes 
unavailable.  If  P. occidentalis  were  being  rehabilitated  by  wildlife  rehabilitators, 
relatively  fresh  faeces  were  collected  from  the  cage  floor.  Faeces  produced  by 
T. vulpecula captured in cage traps were collected when the animals were removed 
from the cages. Samples were collected into sealed zip-lock plastic bags or 10 ml vials 
and refrigerated prior to transport on ice to the analytical laboratory for endoparasite Chapter 2 – Methods 
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identification. Ectoparasites, if observed, were collected into 70% ethanol for transport 
to the analytical laboratory.  
Swabs were collected for faecal microbiology and for Chlamydophila testing. A single 
swab  for  faecal  aerobic  and  anaerobic  microbiological  culture  was  taken  from  the 
cloaca  of  each  possum  and  stored  refrigerated  in  MW  170  transport  medium 
(Transwab™, Medical Wire and Equipment Co. Ltd., Corsham, Wilts., England) prior to 
transport on ice to the analytical laboratory. Epithelial cell samples for Chlamydophila 
testing using polymerase chain reaction (PCR) techniques were collected onto sterile 
dry rayon swabs (Copan™, Italy) from the conjunctiva of each eye, the pharynx and the 
cloaca of each possum. These swabs were stored frozen, prior to transport on ice to 
the analytical laboratory.  
A number of individual P. occidentalis and T. vulpecula were health-screened on more 
than  one  occasion.  This  enabled  comparison  of  pre-  and  post-translocation  health 
status  for  P. occidentalis  and  an  indication  of  within-individual  variability  for  both 
species. Details of the particular samples taken from each animal on each sampling 
occasion and the different analyses carried out each time are provided in Appendix 1. 
e) Sample analysis 
The  health  screening  and  disease  surveillance  samples  collected  and  the  analyses 
carried out are summarised in Table 2.9. The rationale for choosing which diseases to 
include  in  the  surveillance  program  is  covered  in  Section  1.3.3  of  Chapter  1;  the 
selection investigated was limited by availability of collaborators, funds, and the ethics 
of sample collection (maximum blood volume able to be collected in millilitres was 
0.5% the mass of the individual in grams).  
Whole  blood  collected  into  EDTA  was  sent  to  the  Veterinary  Clinical  Pathology 
Laboratory  within  the  School  of  Veterinary  and  Biomedical  Sciences  at  Murdoch 
University. Here it was analysed using an automated Advia 120 Haematology System™ 
(Siemens  Healthcare  Diagnostics,  Deerfield,  IL,  USA)  to  determine  most  of  the 
parameters listed in Table 2.10. Differential white cell counts were performed on a 
blood smear stained with Wright’s Giemsa stain, spun packed cell volume (PCV) was Chapter 2 – Methods 
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measured manually, and total solids protein (TSP) was read by refractometry. Details 
of how the haematological parameters were used to assess health status are provided 
in Chapter 3.  
 
Abbreviation Parameter Units
WBC Total white blood cell count x10
9/L
RBC Total red blood cell count x10
12/L
Hgb Haemaglobin concentration g/L
PCV Packed cell volume L/L
Hct Haematocrit L/L
MCV Mean cell volume fL
MCH Mean cell haemaglobin pg
MCHC Mean cell haemaglobin concentration g/L
Plt Platelet count x10
9/L
MPV Mean platelet volume fL
nucRBCper100WBC Nucleated red cells per 100 white cells integer
Neut Neutrophil count x10
9/L
Band Band form neutrophil count x10
9/L
Lymp Lymphocyte count x10
9/L
Mono Monocyte count x10
9/L
Eos Eosinophil count x10
9/L
Baso Basophil count x10
9/L
Disint Disintegrated cell count x10
9/L
TPP Total plasma protein g/L
FIB Fibrinogen g/L
RBC morphology Anisocytosis, polychromasia and/or poikilocytosis  +, ++ or +++
Howell Jolly bodies Presence of Howell Jolly bodies Y/N
Microfilaria Presence of microfilaria Y/N
Table 2.10  Haematological parameters measured from whole blood in EDTA
 
 
Serum samples were sent to four different laboratories for biochemical analysis and 
testing for exposure to Toxoplasma gondii, Leptospira spp. and Cryptococcus spp. One 
aliquot of serum was sent to the Murdoch University Veterinary Clinical Pathology 
Laboratory  for  biochemical  testing  using  an  RX  Daytona™  (Randox  Laboratories, 
Crumlin, Co. Antrim, UK) auto analyser. Output parameters are listed in Table 2.11 and 
their relationship to health status described in Chapter 3.  
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Abbreviation Parameter Units
ALP Alkaline Phosphatase U/L
ALT Alanine aminotransferase U/L
AST Aspartate aminotransferase U/L
CK Creatinine Kinase μmol/L
Alb Albumin g/L
Bili Bilirubin μmol/L
Ca Calcium mmol/L
Chol Cholesterol mmol/L
Creat Creatinine μmol/L
Gluc Glucose mmol/L
Prot Protein (total serum protein) g/L
Phos Phosphorus mmol/L
Urea Urea mmol/L
Glob Globulin g/L
Haemolysis Level of haemolysis  +, ++ or +++
Lipaemia Level of lipaemia  +, ++ or +++
Icterus Level of icterus  +, ++ or +++
Table 2.11  Serum biochemistry parameters measured
 
 
 
Murdoch  University  forwarded  the  remaining  serum  from   this  sample  to  the 
Department  of  Primary  Industries,  Parks,  Water  and  Environment  (DPIPWE)  in 
Tasmania where antibody testing for T. gondii was carried out. The other two aliquots 
of  serum  from  each  animal  were  frozen,  then  sent  in  batches  to  laboratories  in 
Queensland and NSW to be tested for antibodies to Leptospira spp. and Cryptococcus 
antigen respectively (see below).  
Urine  samples  were  sent  to  the  Murdoch  University  Veterinary  Clinical  Pathology 
Laboratory where standard urinalysis was carried out.  Chemistry was performed using 
Siemens  Multistix™  (Siemens  Australia,  Bayswater,  Vic)  urinalysis  reagent  strips. 
Microscopy was performed on an unstained centrifuged deposit of urine. Protein was 
checked  using  salicylsulphonic  acid  reagent  on  supernatant.  Specific  gravity  was 
measured  on  supernatant  by  refractometry.  Parameters  measured  are  detailed  in 
Table 2.12 and their relationship to health status described in Chapter 3.  
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Abbreviation Parameter Units
TURB Turbidity  +, ++ or +++
COLOUR Colour description
SG Specific Gravity
GLUC Glucose  -ve, trace, +, ++ or +++
BILI Bilirubin  -ve, trace, +, ++ or +++
KETONE Ketones  -ve, trace, +, ++ or +++
BLOOD Blood  -ve, trace, +, ++ or +++
pH pH
PROTEIN Protein  -ve, trace, +, ++ or +++
UROBIL Urobilinogen normal / negative
WBC White blood cells per high power field number
RBC Red blood cells per high power field number
EPITH Epithelial cells  -ve, trace, +, ++ or +++
CRYST Amount of crystals present  +, ++ or +++
SPERM Sperm present  +, ++ or +++
BACT Bacteria present  +, ++ or +++
Crystals Type of crystals present description
Table 2.12  Urinalysis parameters measured
 
 
Faecal samples were examined by parasitologists in the Murdoch University Veterinary 
Parasitology Department for presence of parasites and parasite eggs using standard 
faecal  flotation  methods.  Ectoparasite  samples  were  sent  to  this  same  laboratory 
where the organisms were identified to species or genus level.  
Cloacal  swabs  for  microbiological  testing  were  sent  to  the  Murdoch  University 
Veterinary Clinical Pathology laboratory where they were plated out onto sheep blood 
agar and MacConkey agar. Identification of bacteria was performed by Gram reaction, 
and standard biochemical tests as well as MB12A Microbact™ (Oxoid Ltd, Cambridge, 
UK) and API-20E™ (bioMérieux Clinical Diagnostics worldwide) kits. Each sample was 
also tested for presence of Salmonella spp. using Salmonella/Shigella agar and brilliant 
green agar. Any Salmonella spp. were checked by Poly O (A – S) and Poly H antiserum 
agglutination testing and then sent to the State reference laboratory at PathWest, WA 
for speciation. Swabs for Chlamydophila testing were sent interstate for analysis (see 
below).  Chapter 2 – Methods 
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Testing  of  sera  for  antibodies  to  T.  gondii  was  carried  out  by  Pat  Statham  at  the 
Tasmanian DPIPWE Animal Health Laboratory, using methods described in Chapter 1. 
Testing of sera for antibodies to a variety of serovars of Leptospira interrogans was 
carried out by Lee Smythe of the WHO/FAO/OIE Collaborating Centre for Reference 
and  Research  on  Leptospirosis  at  Queensland  Health  Scientific  Services.  Sera  were 
screened against a reference panel of serovars using a microscopic agglutination test 
(Section 1.1.3b in Chapter 1). Serovars tested for are listed in Table 2.13.  
 
Serovar
Pomona
Hardjo
Tarassovi
Grippotyphosa
Celledoni
Copenhageni
Australis
Zanoni
Robinsoni
Canicola
Kremastos
Szwajizak
Medanensis
Bulgarica
Cynopteri
Ballum
Bataviae
Djasiman
Javanica
Panama
Shermani
Topaz
Balcanica
Table 2.13  Leptospira serovars tested for
 
 
Testing of sera for antigen of serovars of Cryptococcus neoformans and C. gattii was 
carried out by Dr Mark Krockenberger at the Koala Infectious Diseases Research Group 
in the Faculty of Veterinary Science at the University of Sydney. The latex cryptococcal 
antigen test (LCAT) was used (Section 1.1.3c in Chapter 1). Polymerase chain reaction 
detection of Chlamydophila spp. from mucosal swabs was carried out by A/Prof Peter Chapter 2 – Methods 
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Timms and staff at the Institute of Health and Biomedical Innovation, QLD University of 
Technology (Section 1.1.3d in Chapter 1). Several of the health screening procedures 
are illustrated in Fig. 2.9.  
 
Blood collection Conjunctival swab collection Urine collection
Vials for urine and blood; cloacal 
swab for microbiology; and 
mucosal swabs for Chlamydiales
Trovan™ ID transponder; 
Trovan™ injector and reader
Instruments, vials and DMSO 
for ear tissue sampling
Blood collection Conjunctival swab collection Urine collection
Vials for urine and blood; cloacal 
swab for microbiology; and 
mucosal swabs for Chlamydiales
Trovan™ ID transponder; 
Trovan™ injector and reader
Instruments, vials and DMSO 
for ear tissue sampling
 
Figure 2.9 Examples of health screening procedures, and photographs of some of the 
equipment used 
 
f) Post mortem and death scene investigations 
Any deceased possums found intact within 24-48 hours of death were sent to the 
Murdoch University Veterinary Pathology Department for post mortem examination 
by specialist veterinary pathologists. However, very few animals were found within this 
time frame, as most deaths were due to predation or the carcasses were not located 
until  decomposition  was  more  advanced.  Endo-parasites  present  in  the  gastro-
intestinal tract of dead possums were identified by parasitologists from the Murdoch 
University Veterinary Parasitology Department.  Chapter 2 – Methods 
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Post mortem examinations of less fresh or partially-eaten deceased possums were 
carried out in the field or at the field station on the same day that the animal was 
found. Photographs were taken and details of post mortem findings recorded. Carcass 
remains were frozen and kept for further examination, if required.  
Death  scenes  were  carefully  investigated  prior  to  removal  of  the  carcass  remains. 
Photographs were taken of the location of death, and of the carcass before it was 
moved. The extent of decomposition and presence of ants, flies and maggots were 
noted  to  help  estimate  the  time  elapsed  since  death.  The  wider  area  around  the 
carcass was systematically searched for evidence of predator presence, such as scats, 
footprints or burial sites.  
Each dead possum’s radio-collar was examined for tooth marks or other evidence of 
predation, and photographs were taken. Tooth marks were swabbed with a sterile 
swab  moistened  with  sterile  water  to  collect  DNA  from  which  predator  identity 
(species) could be determined. Gloves were used to handle the collar prior to and 
during  collection  of  swabs.  Swabs  were  air-dried,  then  sealed  and  stored  at  room 
temperature for forensic testing.  
The DNA testing was carried out using a melt curve analysis method developed by Dr 
Oliver  Berry  of  the  University  of  Western  Australia  and  the  Invasive  Animals 
Cooperative  Research  Centre  (Berry  and  Sarre  2007).  This  method  enables 
differentiation between fox, cat, dog and chuditch DNA in swab samples. Any DNA 
fragments extracted from the swab are PCR-amplified using a pool of species-specific 
primers (fox, cat, dog, chuditch). The species present in the sample is then identified 
by the diagnostic melt temperature of its DNA fragment. Melt temperatures for the 
four  species  of  interest  are  sufficiently  different  to  distinguish  between  predator 
species with a high degree of certainty (Berry and Sarre 2007). However, interpretation 
of  results  is  not  completely  straightforward  given  the  opportunities  for  cross-
contamination in the field (Chapter 4).  Chapter 2 – Methods 
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2.2.4 Radio-collaring of P. occidentalis and T. vulpecula 
The  majority  of  translocated  P. occidentalis  and  a  subset  of  health-screened 
T. vulpecula  resident  at  the  translocation  sites  were  radio-collared  to  enable 
monitoring of survival and collection of data on home range and habitat use. Radio-
collars weighing <3% of the animal’s body weight were attached to each possum under 
isoflurane anaesthesia, once collection of samples for health testing was complete.  
Radio-collars  used  on  P. occidentalis  were  obtained  from  one  of  two  different 
manufacturers: Biotrack Ltd. (Wareham, Dorset, UK) and AVM Instrument Company 
Ltd. (Colfax, California, USA). They were factory-set to transmit in the VHF frequency 
band with transmission frequencies restricted to the range: 150-152 MHz. Most collars 
were of the loop-antenna type (i.e. the brass collar itself acted as the antenna). Heat 
shrink was used to cover the brass, and to protect the locking nut once the collar was 
on the possum. The electronic components of the collar were sealed within epoxy 
resin for strength and resistance to weather. Biotrack collars weighed between 16 and 
18 g once cut to size and affixed to the possum, while the AVM collars were slightly 
heavier (21-24 g). Collars affixed to juveniles or small sub-adult animals were of the 
breakaway type (P. de Tores, unpublished data). These incorporated an expandable, 
breakable rubber section and a whip antenna, and weighed 13-14 g. Battery life of the 
Biotrack  collars  was  supposed  to  be  6  months,  but  in  practice  lasted  anywhere 
between 6 weeks and 7 months (hence the change of manufacturers to AVM). The 
AVM collars were reputed to last up to 2 years, but their reliability was also variable.  
Radio-collars  used  on  T. vulpecula  were  obtained  from  Biotrack  or  Sirtrack  Ltd. 
(Havelock North, NZ). Those obtained from Biotrack were set to transmit in the 150-
152 MHz frequency range and were of similar loop construction to those used on the 
P. occidentalis but contained bigger batteries and weighed 23-26 g. Battery life was 
much more reliable than that of P. occidentalis collars, lasting for 10-12 months. Radio-
transmitters obtained from Sirtrack were of the whip-antenna type, attached to an 
adjustable leather collar. They weighed 30-32 g and the battery life was variable, due Chapter 2 – Methods 
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to the contact telemetry circuitry (see below) that was incorporated into the electronic 
package.  
Both Biotrack and AVM collars incorporated movement sensing circuitry that caused 
the transmission frequency to change if a collar remained immobile for more than 
three hours. The transmission rate returned to normal as soon as the collar was moved 
again.  Immobile  Biotrack  collars  transmitted  at  twice  the  normal  rate  after  three 
hours, while AVM collars changed their transmission signal to a double pulse once 
immobile for three hours or more. This movement-detection or “mortality sensing” 
function enabled survival of radio-collared possums to be monitored without the need 
to observe the animal directly. Live possums rarely remain motionless for more than 
three hours at a time; thus detection of signals in “mortality mode” generally indicated 
that the animal in question was dead. However, some Biotrack collars failed to be 
activated by small comfort movements and occasionally became “stuck” in mortality 
mode.  This  meant  that  animals  had  to  be  radio-tracked  and  directly  observed  to 
determine whether they were alive or dead, and was another reason for the change in 
manufacturer to AVM.  
Sirtrack collars did not contain movement sensors, so detection of dead animals was 
only possible by tracking the signal to the animal’s exact location. These collars did, 
however,  incorporate  proximity  sensors,  whereby  individual  collars  could  be 
programmed to record other similar collars that came within user-specified distances. 
This  system,  known  as  “contact  telemetry”,  was  still  in  the  prototype  stage,  with 
resultant  inconsistencies  in  function  (Chapter  6).  It  was  possible  to  specify  the 
approximate distance within which two contact collars would “talk” to each other, and 
the separation time period after which a subsequent contact would be recorded as a 
separate event. Settings used for collar deployment on T. vulpecula were: distance 
setting of 20 units (equivalent to approximately 1-3 m, depending on orientation of 
antennae), and separation period of 30 seconds (i.e. multiple contacts within 30 sec 
were recorded as a single contact event).  
Biotrack collars were used on P. occidentalis and T. vulpecula during 2006 and much of 
2007.  AVM  collars  were  introduced  in  August  2007,  after  which  date  some Chapter 2 – Methods 
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P. occidentalis carried AVM collars and others carried Biotrack collars. Sirtrack contact 
collars were used on a subset of ten T. vulpecula between October 2007 and February 
2008. The battery life of the contact collars depended on how many contacts occurred 
and how long each contact lasted. Trichosurus vulpecula carried contact collars for four 
months,  after  which  time  the  animal  was  recaptured  and  the  collar  removed  for 
downloading of data. The various collar types are illustrated in Fig. 2.10.  
Individual P. occidentalis carrying Biotrack collars were recaptured every 4-5 months 
for  re-collaring.  Those  carrying  AVM  collars  were  recaptured  after  a  year  if  they 
survived that long. Each T. vulpecula was allowed to carry a Biotrack collar for 10-12 
months before being recaptured for re-collaring. Details of collar types used and the 
dates  and  durations  of  time  over  which  they  were  deployed  on  individual 
P. occidentalis and T. vulpecula are provided in Appendix 2.  
 
a)
c)
b)
d)
a)
c)
b)
d)
 
Figure  2.10  Radio-collars:  a)  Sirtrack  contact  collar 
for T. vulpecula, b) Biotrack mortality sensing collar 
for T. vulpecula, c) AVM mortality sensing collar for 
P. occidentalis, d) Biotrack mortality sensing collar for 
P. occidentalis 
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At  the  end  of  the  field  work  phase  (March  2008)  collars  were  removed  from 
T. vulpecula.  Re-collaring  and  monitoring  of  translocated  P. occidentalis  continued 
throughout the lifetime of the animals (or until collars failed and possums could not be 
located). After March 2008 the intensity of monitoring of collared P. occidentalis was 
reduced and responsibility for the task taken over by DEC staff.  
2.2.5 Methods and locations of release of P. occidentalis and T. vulpecula 
Two locations were chosen at each field site for release of translocated P. occidentalis 
(see Figs 2.2, 2.3 and 2.4). A number of individual release trees were selected at each 
of these locations based on the following characteristics: a) a sloping trunk (angle to 
the ground of 70° or less); b) canopy connectivity with at least three other trees; and c) 
close proximity to vehicular access (within 200 m). All release locations were within 
moderate  to  dense  peppermint  forest  with  varying  understorey  density  and 
composition. Release trees were selected and marked prior to translocation events. A 
Global Positioning System (GPS) unit was used to record and map the location of each 
release tree.  
Translocated P. occidentalis were first released into their new environment at dusk on 
the  same  day  that  they  were  radio-collared.  For  displaced  P. occidentalis  from 
development sites this was the evening subsequent to initial capture. In the case of 
rehabilitated  animals,  collaring  and  release  took  place  a  fortnight  after  heath-
screening,  allowing  time  for  most  of  the  health  results  to  be  obtained.  Animals 
remained  in  care  during  this  two  week  period.  Rehabilitated  animals  considered 
unsuitable for release on the basis of haematology, serum biochemistry, presence of 
infectious disease or injury were not translocated (Chapter 3).  
Individual P. occidentalis were transported to the release locations within calico bags. 
Each animal was released at a different tree to minimise territorial stress. The possum 
was carried to the chosen tree in its bag. The bag was held adjacent to the sloping 
trunk of the tree and slowly opened, allowing the possum to exit in its own time (Fig. 
2.11). In most cases the possum then climbed the trunk to reach the upper canopy. 
(Occasionally an animal would leap to the ground and then climb up a different tree.)  Chapter 2 – Methods 
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This style of release was categorised as “hard” release, i.e. no food or shelter was 
provided and the possum was unrestrained in any way once it left the bag.  
Possums re-captured for re-collaring were taken back to the location of capture for 
release the following evening. Some P. occidentalis were instead released at the site of 
their most recently used rest tree, particularly if they had been captured near it, or if 
release took place before it was completely dark.  
 
 
Figure  2.11  Releasing  a  translocated  P. occidentalis  in  the 
evening onto a sloping peppermint tree trunk 
 
Each T. vulpecula captured at the translocation field sites for  health screening and 
radio-collaring  was  released  at  the  location  of  capture  at  dusk  on  the  day  of 
processing. Animals were transported back to the sites in bags; the bag was placed on 
the ground and slowly opened allowing the possum to emerge. In most cases the 
possum  exited  slowly,  looked  around,  then  ran  to  the  nearest  large  tree  which  it 
climbed. When juveniles were captured with their mothers, care was taken to ensure 
that the young remained with their mothers on release.  Chapter 2 – Methods 
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2.2.6 Radiotelemetry of collared P. occidentalis and T. vulpecula 
a) Survivorship monitoring 
Survival of radio-collared P. occidentalis and T. vulpecula at all field sites was checked 
weekly (or more often) by monitoring the signals from the collars. The pulse rate of 
signals from possums carrying mortality-sensing collars indicated whether or not the 
animal in question was alive. Alive/dead status of T. vulpecula carrying contact collars 
(without  movement  detecting  circuitry)  could  only  be  determined  by  tracking  the 
signal to the animal’s actual location.  
Signals  were  monitored  using  an  R-1000™  telemetry  receiver  (Communications 
Specialists Inc., Orange, CA, USA) connected to a standard Yagi antenna (obtained from 
Sirtrack, Havelock North, NZ). Signals from collared P. occidentalis could generally be 
heard from distances of 500-1000 m away, depending on the nature of the terrain and 
whether the animal was in a tree or on the ground. Hills tended to attenuate the VHF 
signal, so it was often useful to listen for signals from high ground (if available). As the 
translocated  P. occidentalis  often dispersed  away  from the  locations  at  which they 
were released (Chapter 6), it was necessary to listen for signals from a number of 
different locations at each field site in order to check all the animals present at that 
site. Signal checking became easier once translocated possums settled into distinct 
territories.  
The signal strength of radio-collars carried by T. vulpecula was stronger than that from 
P. occidentalis collars due to slightly longer pulse duration and greater battery power. 
Thus transmissions were audible over distances up to 1500 m. This, combined with the 
fact that collared T. vulpecula were resident animals at the sites, minimised the time 
spent  searching  for  signals  and  simplified  survival  checking  of  animals  carrying 
mortality-sensing collars. Those T. vulpecula carrying contact collars were tracked to 
their actual location and were assumed to be alive if the signal issued from a den tree 
or other diurnal rest site in daylight hours. Animals tracked at night could be directly 
observed.  Chapter 2 – Methods 
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When a mortality signal was heard during a survival check it was then necessary to 
track the signal to its origin to find out whether the animal was indeed dead and, if so, 
to investigate the circumstances of its death (Section 2.2.3f). In many cases, due to 
faulty movement sensor function, animals carrying collars transmitting in mortality 
mode  were  actually  still  alive  (and  moving).  Occasionally  such  collars  would 
spontaneously  revert  to  “live”  mode,  but  more  frequently  it  was  necessary  to  re-
capture the possum and replace the collar.  
On occasion a radio-collar would go “off the air” prematurely, i.e. the signal was no 
longer audible despite the collar being within its expected battery life. It was then 
necessary  to  carry  out a  wide-ranging  ground search  to  try  to  relocate  the  signal, 
assuming  the  animal  had  moved  (or  been  moved)  out  of  its  usual  area  of  use. 
Searching involved driving around all the roads and tracks in the region, with the radio 
antenna out of the car window (or on the roof top), and climbing all local hills to 
maximise the chance of hearing a distant signal. All frequencies within ±10 MHz of the 
usual frequency were scanned in case the frequency had drifted out of its usual range.  
If the ground search failed then it was possible to carry out an aerial search. This was 
done  using  a  light  aircraft  with  two  Yagi  antennae  attached  to  the  struts,  aimed 
diagonally downward (Fig. 2.12). The antennae were connected to the radio receiver 
via a splitter box that allowed the operator to choose to listen to either the left, right 
or both channels. The plane was flown at 300 m above the canopy in a grid pattern 
over the region of interest, with tracks spaced no more than 1000 m apart. Once the 
radio-transmitter was heard, it was possible to locate the position of strongest signal 
by listening alternately to the left and right channels and directing the pilot to circle, 
according to signal direction and strength. A GPS position was then recorded over the 
point of maximum signal strength and a ground search subsequently carried out.  
b) Radio tracking to determine home range and habitat use 
All  possums  carrying  radio-collars  were  regularly  tracked  to  their  actual  locations. 
Tracking was carried out both diurnally and nocturnally. Each animal was generally 
tracked at least once a week, either during daylight or after dark. Diurnal tracking 
allowed positions of daytime rest sites to be determined and characteristics of these Chapter 2 – Methods 
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sites to be recorded (see below). Nocturnal tracking provided data on foraging range, 
enabled description of nocturnal activities, and often provided information on diet, 
offspring survival and presence of mates or conspecific rivals.  
 
 
Figure 2.12 Yagi antenna attached to aeroplane fuselage for radio-
tracking possums from the air 
 
GPS positions were obtained once an animal was located. These were taken using a 
Thales Mobile Mapper™ handheld GPS unit (Thales Navigation, Santa Clara, California) 
which averaged the positional data over a period of 2-8 minutes to maximise location 
accuracy. Accuracy was further improved by post-processing (differential correction of 
fixes in reference to data from a second GPS unit, or base station). Base stations were 
situated at each field station; their locations were precisely determined by surveying in 
the base unit relative to a known standard survey marker (Western Australian Land 
Information Authority).  
The precision of GPS locations collected with and without post-processing relative to 
the base station GPS was assessed by taking multiple fixes at particular locations over 
time  (Chapter  6).  Even after  post-processing,  precision  was  in the  order  of  2-4 m, 
rather than the sub-meter accuracy hoped for. This was probably due to a mixture of 
effects including tree canopy density, number of satellites visible and duration of time Chapter 2 – Methods 
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over which data were collected. Precision of non-processed fixes was estimated to vary 
between 5 and 10 m, depending on various factors (Chapter 6).  
The number of GPS fixes obtained for the different possums varied, depending on how 
long each animal remained alive and on the air after release. It was originally hoped 
that at least 15 diurnal and 15 nocturnal fixes would be obtained for each animal over 
6-12 months of radio-tracking. However, because many P. occidentalis did not survive 
this long and because a number of radio-collars failed prematurely, fewer than these 
numbers of locations were obtained in most cases. Thus it was likely that home range 
size was underestimated for many animals (Chapter 6).  
Triangulation  methods  were  used  for  some  of  the  nocturnal  radio-telemetry  of 
T. vulpecula. There were two reasons for this: i) triangulation was a time-efficient way 
of increasing the amount of nocturnal home range data and ii) T. vulpecula were often 
on the ground at night and would move when approached. The latter prevented useful 
observational data from being collected and made it difficult to determine the exact 
location or activity of the animal before it was disturbed.  
For triangulation, the direction in which each T. vulpecula’s signal was strongest was 
recorded from three or four known locations, with all readings taken within as short a 
time  period  as  feasible  (usually  15  mins).  Data  were  entered  into  the  LocateIII
© 
software  package  (Pacer  Computing,  Tatamagouche,  Canada,  available  at: 
http://www.locateIII.com/) (Nams 2006), which computed error ellipses around the 
calculated point of maximum likelihood (Section 2.3.6). Triangulation was not used to 
obtain nocturnal data for P. occidentalis because it was relatively easy to locate these 
individuals  at  night  without  chasing  them  through  the  bush.  On  approach, 
P. occidentalis remained in the canopy and either sat motionless watching the person 
or continued carrying out their foraging activities, seemingly undisturbed by human 
presence.  
Two factors, other than the lifespan of possums and their collars, limited the amount 
of location data that it was possible to obtain in a given time period. These were: i) the 
distances between individual collared possums, and ii) the density of the scrub through 
which it was necessary to traverse to reach the animals. Translocated possums tended Chapter 2 – Methods 
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to  disperse  widely  from  the  release  sites,  which  meant  that  moving  from  one 
individual to the next took time. Some of the terrain in which they settled was heavily 
vegetated with a very dense understorey, which sometimes necessitated crawling and 
thus made progress from the closest road or track to each animal slow and tedious. 
These constraints, combined with the time taken for other activities such as possum 
capture, health screening, spotlight-surveying and commuting, meant that fewer home 
range data points were collected than was originally planned.  
2.2.7 Habitat variables recorded 
A number of characteristics of possum rest sites and foraging locations were recorded 
whenever an animal was radio-tracked to its actual location. Variables recorded during 
diurnal and nocturnal observations are listed and described in Table 2.14. Variables 
chosen  for  monitoring  were  those  considered  likely  to  be  important  for  possum 
survival (e.g. type of rest site, height of rest site, canopy density, understorey density, 
number of contacting trees, hollow size, thatch density of grass trees) and others that 
were useful from a more descriptive point of view (e.g. dominant vegetation species, 
aspect of rest site, size and height of tree, position of possum in canopy at night).  
Diurnal  and  nocturnal  possum  locations  were  marked  with  pink  or  white  tape 
respectively, on which was written a unique ID number for each location and the date 
on which use of the location was first recorded. Multiple visits to any one location 
were recorded in the database. Attributes of the location itself (tree / log / burrow etc) 
were recorded at the first visit; on subsequent occasions only the possum’s position 
and activity at the location were noted and added to the database.  Chapter 2 – Methods 
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Variable
When 
recorded
Description
Possum ID Day & Night Unique identifier for each individual radio-collared possum
Location ID Day & Night Unique identifier for each new tree, rest-site or foraging location marked
Easting Day & Night Recorded by GPS for each new location
Northing Day & Night Recorded by GPS for each new location
Time Day & Night Time at which the observation was made
Location Type Day & Night Type of rest site (drey, hollow, fork, grass tree, burrow, fallen log, "witches broom" (dense growth of foliage), 
dead wood, nest box, ground.  Recorded as "foraging" for nocturnal observations, and as "mortality" for 
locations of dead animals. Recorded as "trap site" for capture locations of T. vulpecula and as "release site" for 
release locations of P. occidentalis
New or Previous Location Day & Night Whether or not this location had been previously recorded
Sighted (Y/N) Day & Night Whether or not the possum was actually sighted
Height of Possum Day & Night Estimated height of possum in meters
Height in Canopy Night Whether possum is in the upper, mid or lower part of the tree
Position in Canopy Night Whether possum is in the outer, mid or inner canopy of the tree
Angle of Branch Day Angle of the branch on which the possum is resting (if applicable)
Aspect of rest site Day Direction (horizontal and/or vertical) in which the possum is most exposed (if applicable)
Species of Tree / Veg Day & Night Genus and species of tree or shrub
Live or Dead Tree (L/D) Day & Night Whether tree is dead, alive or a mixture of both
Height of Tree / Veg Day Measured using a clinometer if vegetation open enough.  Estimated if vegetation too dense to easily use the 
clinometer.  Recorded in meters
Circumference Day & Night Circumference of tree in cm at breast height. (Later converted to diameter)
Number Trunks / Stems Day & Night How many different trunks the tree has
Aspect Tree / Veg Day Direction of the slope if the ground (if applicable)
Angle of Trunk / Stem Day Estimated angle of the first few meters of the trunk in degrees (precision of 10º)
Density Upper Story Day & Night Recorded as dense, medium or light on basis of average estimated degree of contact between trees, ie: Dense = 
each tree contacts 3 or more others; Medium = each tree contacts 1-2 others; Light = each tree contacts 0-1 
others
Density Under Story Day & Night Recorded as dense, medium or light based on the subjective difficulty of walking through the scrub, ie: Dense = 
difficult, Medium = moderate, Light = easy
Table 2.14  Variables recorded during diurnal and nocturnal radio-tracking of possumsChapter 2 – Methods 
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Variable
When 
recorded
Description
Dominant Spp (upperstorey) Day & Night Dominant 1-3 species in the upper storey canopy
Dominant Spp (understorey) Day & Night Dominant 1-3 species in the under storey vegetation
Form of Live Tree (1-10) Day A measure of tree senescence, based on the categories developed by Whitford (2002)
Category of Dead Wood (1-8) Day A measure of the age of the dead wood on a tree in relation to hollow formation, in categories as described by 
Whitford (2002)
Number Contacting Trees and shrubs Day & Night The numbers of each species of tree contacting the tree in question (ie close enough for a possum to move 
between trees without coming to ground)
Description of rest site Day A brief written description of the the rest site used by the possum, eg: "Signal from tightly woven drey in upper 
canopy"
Description of possum location and activity Night A brief written description of the location and activity of the possum at night, taking particular note of eating 
activities and species consumed.  Noting also the presence of offspring or other conspecifics
Hollow Shape Day If the hollow from which the possum's signal is coming can be identified, then the shape of the hollow is 
recorded (circle, elipse, irregular, split)
Hollow Orientation Day If the hollow from which the possum's signal is coming can be identified, then the orientation of the hollow is 
recorded (upward, 0-45 degrees, horizontal, 90-135 degrees or downward)
Hollow Type (1-3, a-c, A-I) Day Categories based on those used by Whitford (2002), where 1-3 describes the opening size (1=<10cm, 2=10-
30cm, 3=>30cm); a-c represent the size of the cavity (a=unknown, b=small, c=large); and A-I describe the 
location of the hollow in the tree
Height of hollow Day Estimated height in the tree of the hollow in meters
Possum in hollow? Day A measure of certainty that the signal is indeed coming from the hollow described (definite, probable, possible, 
unsure)
Number of Heads Day For grass trees, the number of heads present
Depth of Thatch (mm) Day For grass trees, the depth of dead thatch
Ground to Thatch (mm)  Day For grass trees, the distance between the ground and the bottom of the thatch
Density of Thatch  Day For grass trees, the density of thatch (very dense, dense, medium, light)
Length (m) (for fallen log) Day The length of the fallen log
Pipe Diameter at largest point (for fallen log) Day The maximum diameter of the hollow part of the fallen log
Pipe Diameter at smallest point (for fallen log) Day The minimum diameter of the hollow part of the fallen log
Table 2.14  continued
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The exact position of a possum within a tree was not always apparent. Direction and 
intensity of the radio signal were investigated from all sides to determine which branch 
or  hollow  seemed  most  likely  to house the  animal.  In  many  cases  various  options 
existed and it was not always possible to determine the exact rest site. The higher up 
the signal, the more difficult it was to pinpoint. Attributes of all visible hollows in 
chosen branch(es) were recorded (see Table 2.14) and the likelihood of occupation 
was  qualitatively  assessed  as definite,  probable,  possible  or uncertain.  Positions  of 
animals within the thatch of grass trees and underground in burrows were similarly 
assessed.  
Nocturnal activities of radio-tracked possums were recorded (e.g. movements, feeding 
behaviour,  consorting  with  potential  mates  or  offspring  and  aggressive  behaviour 
towards conspecifics). Particular note was taken of vegetation types consumed. The 
presence and behaviour of any  non-collared possums seen during nocturnal radio-
tracking activities were also recorded and GPS fixes logged. 
2.2.8 Spotlighting methodology 
Spotlight surveys were carried out to determine the density of possum populations at 
each field site. A single transect was established at each field site, marked by stakes 
and  traversing  both  peppermint-dominated  and  other  species-dominated  habitat 
types. The aim was to determine whether there was evidence of species partitioning 
between habitat types as well as to determine population densities, particularly of 
P. occidentalis in their optimal habitat type (peppermint). A narrow path was cleared 
through the vegetation in a straight line at each site. Transect length totalled between 
1 and 2 km per field site. Although it would have been preferable to establish multiple 
transects, the time limitations meant that only one was set up at each site. Thus the 
survey functioned as a pilot study from which to determine the necessary length of 
transects required for future population monitoring with suitable target coefficients of 
variation (Chapter 7). Transects were marked with jarrah stakes and reflective tape for 
visibility at night.  Chapter 2 – Methods 
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Surveys  were  carried  out  over  a  20  night  period  in  January-February  2008.  Each 
transect was walked for 10 successive nights; the two Yalgorup sites were surveyed 
over the first 10 nights and the transects at Leschenault Peninsula were surveyed over 
the next 10 nights. Two observers walked along the transect each night, one searching 
on the left side and the other searching to the right. Thirty-watt spotlights were used 
to detect possum eye-shine and the observers walked at a slow pace, averaging about 
0.5 km per hour. Possums were detected by their red eye-shine, which is apparent 
when they look towards the light. The exact location of each possum was determined 
by post-processed GPS, with 4 minutes-worth of data collected at each point. Ancillary 
data were also noted (time, possum species, height of possum, observer, left or right 
of line, type of tree, vegetation density, vegetation type). The order of transects was 
alternated each night to minimise bias due to presence of moonlight or tiredness. The 
phase  of  the  moon  and  the  weather  conditions  were  noted  for  each  transect. 
Transects were always walked in the same direction (north to south) which tended to 
mean that the moon was behind or to the side rather than directly ahead.  
Data were entered into a spreadsheet in preparation for analysis by distance sampling 
methods  using  Distance  software  (Thomas  et  al.  (2010),  available  at: 
http://www.ruwpa.st-and.ac.uk/distance/)  (Section  2.3.5  and  Chapter  7).  Particular 
effort was made during the surveys to detect every possum on or close to the transect 
line. This was important in order to meet critical assumptions of the distance sampling 
methodology (Section 2.3.5 and Chapter 7).  
2.3 ANALYTICAL METHODOLOGY – BRIEF OVERVIEW 
2.3.1 Database  
All field data were entered into a custom-built relational database in MS Access
© 2003. 
The database structure conformed to the principles of database normalisation (Date 
1986); i.e. data of particular types were entered into different tables, and tables were 
linked by key fields. Queries were written to enable data to be extracted from multiple Chapter 2 – Methods 
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tables for analysis. Reports were also created, as the basis of data entry forms for use 
in the field.  
2.3.2  Approaches  to  data  analysis:  information-theoretic  methods  vs. 
classical statistics 
A  major  purpose  of  data  analysis  in  ecological  studies  is  to  determine  a)  whether 
differences between populations or between parameters within populations exist and 
b) whether these differences are of biological significance (Martínez-Abraín 2007). The 
traditional  approach  to  answering  such  questions  is  through  the  use  of  classical 
statistics and null hypothesis testing. While this established methodology has its place 
(for  example  in  determining  normal  reference  ranges  for  haematological  and 
biochemical parameters within individual species, or sub-populations thereof), there 
are  many  pitfalls  associated  with  using  classical  statistical  methods  to  investigate 
biological or ecological questions. These have been well-documented in the literature 
and include the need to choose an arbitrary level (alpha) to serve as the cut-off for 
differentiating between statistical significance vs. non-significance, and the use of what 
is frequently a nonsensical or trivial null hypothesis against which to test a particular 
hypothesis of interest (Anderson et al. 2000, Johnson 1999). Use of a fixed alpha level 
for determination of ‘significance’ is biologically meaningless because the associated p-
value  is  dependent  on  sample  size,  and  therefore  one  can  always  reject  a  null 
hypothesis  with  a  large  enough  sample,  even  if  the  biological  importance  of  the 
difference is irrelevant in an ecological context (Anderson et al. 2000). Quantification 
of effect size is generally the real issue of interest but is often more difficult to address 
because it requires an associated measure of precision and a biological context to be 
meaningful (Kotrlik and Williams 2003).  
In many cases the reason for testing for differences in parameters is to justify their 
inclusion in models used for inference in complex ecological settings. The question of 
interest here is whether or not there is sufficient weight of evidence to justify inclusion 
of one or many of several possible parameters in a model. The traditional statistical 
approach  to  model  selection  has  been  the  use  of  step-wise  multiple  regression 
methods which have inherent problems associated with the order in which parameters Chapter 2 – Methods 
  112 
are added to or deleted from the model, and the arbitrary choice of a statistical cut-off 
point for determining whether a parameter should be included or not (Whittingham et 
al.  2006).  Many  researchers  now  advocate  that  there  is  a  strong  case  for  using 
alternative  methods  of  model  selection  to  provide  formal  inference  in  ecological 
studies (Burnham and Anderson 2002, Hobbs and Hilborn 2006, Lukacs et al. 2007, 
Martínez-Abraín 2007).  
One such method which has gained increasing support over the past two decades is 
the  information-theoretic  approach  (Anderson  and  Burnham  2002,  Buckland  et  al. 
2000,  Burnham  and  Anderson  2001,  2002,  Horne  and  Garton  2006a,  Johnson  and 
Omland 2004).
7 The philosophical basis of this approach is that, because there are no 
true models and models are only approximations to true reality, model choice is 
therefore all about selecting the best approximating model or models from a set of 
possible candidate models. Model selection is essentially a trade-off between bias and 
precision  (Burnham and Anderson 2001, 2002) . Models with too few parameters 
(under-fitted models) tend to have high bias, while those with too many parameters 
(over-fitted) often have poor precision or may identify spurious effects. The principle 
of parsimony aims to achieve the proper balance between bias and variance.  
                                                      
7 Bayesian inference is another alternative to the use of classical statistics and null hypothesis testing 
that is becoming popular in ecological studies (Ellison 1996, 2004, Howson and Urbach 1991, McCarthy 
and  Masters  2005).  Bayesian  methods  incorporate  prior  knowledge  as  well  as  sample  data  into 
calculations of posterior probability distributions (Hilborn and Mangel 1997). Bayesian inference differs 
from frequentist inference in that it provides a measure of the probability of a hypothesis being true in 
the light of available data, rather than estimating the probability of the data having occurred given a 
particular hypothesis. It also defines probability as an individual’s degree of belief in the likelihood of an 
event and treats all model parameters as random variables, while frequentist inference regards them as 
estimates of fixed “true” quantities (Ellison 2004). The incorporation of prior data can be cost-effective 
for increasing confidence in ecological research (McCarthy and Masters 2005) and may be advantageous 
in  the  adaptive  management  process  (Ellison  1996,  see  also  Section  8.3.1  in  Chapter  8).  Bayesian 
methods were not used in the analyses carried out in this thesis due to their complex nature, the lack of 
user-friendly  software  (given  my  limited  expertise),  and  a  paucity  of  useful  quantitative  prior 
information.  Chapter 2 – Methods 
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Under the information-theoretic approach, choice of the “best” approximating model 
involves minimising the discrepancy between this approximation and true reality. In 
1951, S. Küllback and R.A. Leibler published their landmark paper on the scientific 
meaning of “information”  (Küllback and Leibler 1951). Küllback-Leibler information, 
I(f,g), is defined as the information lost when a fitted model, g, is used to approximate 
full reality, f. Model selection aims to minimise this information loss.  
A relationship between the estimated mean value of Küllback-Leibler information and 
the maximized log-likelihood function was found by Akaike (Akaike 1973). He defined 
an “information criterion” which allows the ranking of models despite the lack of direct 
knowledge of either reality (f) or the exact parameter values in the model (g). Akaike’s 
Information Criterion (AIC) is defined as: 
AIC = -2loge(ℓ) + 2K, 
where  loge(ℓ)  is  the  log-likelihood  function  evaluated  at  the 
maximum likelihood estimates of the model parameters, and K 
is the number of estimated parameters in the model. 
The first term in the model, -2loge(ℓ) can be interpreted as a measure of model fit 
while the second term, 2K, provides a ‘penalty’ for the addition of parameters. Model 
fit can be improved and bias reduced by adding parameters, but this is at a cost of 
increasing  variance.  Thus,  AIC  provides  an  appropriate  trade-off  between  bias  and 
precision.  For  a  given  data  set,  AIC  is  computed  for  each  of  a  group  of  a  priori 
candidate  models  and  the  model  with  the  lowest  AIC  is  selected  for  inference.  If 
several models are similarly parsimonious, then model averaging of parameter values 
is possible. Models can be ranked based on their AIC differences, where ∆i = AICi – 
AICmin. A rule of thumb suggests that models with ∆i between 0 and 2 have substantial 
empirical support, those with ∆i between 4 and 7 have considerably less support and 
those with ∆i >10 have essentially no support (Burnham and Anderson 2002).  Chapter 2 – Methods 
  114 
Akaike’s Information Criterion corrected for small sample sizes (AICc) is recommended 
when  the  ratio  of  sample  size  (n  individuals)  to  number  of  parameters  (K)  is  <40 
(Burnham and Anderson 2002, Sugiura 1978). The definition of AICc is:  
AICc = AIC + 2K(K + 1) 
                      n - K - 1 
A further advantage of the information-theoretic approach to model selection is that 
inference can be based easily on more than one model through the use of model 
averaging. Weighted averages can be computed for particular parameters over a set of 
well-supported  candidate  models.  This  enables  model  selection  uncertainty  to  be 
incorporated  into measures  of  precision, and allows  the  use of  a  set  of  candidate 
models  in  making  formal  inference  (Anderson  et  al.  2000,  Anderson  et  al.  2001, 
Johnson and Omland 2004).  
The  information-theoretic  approach  to  data  analysis  has  been  followed  where 
applicable in this thesis. The methodology is particularly suited to survivorship analysis 
carried  out  using  Program  MARK  (White  and  Burnham  1999),  available  at: 
http://www.phidot.org/software/mark/index.html,  and  to  estimation  of  population 
density using Distance software (Sections 2.2.8, 2.3.4, 2.3.5 and Chapters 5 and 7). 
Both these analysis programs incorporate an information theoretic approach to model 
choice  and  parameter  estimation.  Classical  statistical  methods  do  have  their  place 
(Stephens et al. 2005) and have been used where appropriate in this thesis (carried out 
using  Stata
© Version 10.1, StataCorp, Texas, USA), particularly in the analysis of health 
parameters  (Chapter  3).  Determination  of  factors  influencing  home  range  size 
(Chapter6) was carried out using linear regression, incorporating the use of AICc to 
identify models most parsimoniously supported by the data. All modelling approaches 
involved the a priori choice of a set of models to test hypotheses of interest, based on 
prior knowledge of the species in question and the ecological context in which they 
exist, as recommended by Burnham and Anderson (2002).  Chapter 2 – Methods 
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2.3.3 Health data analytical methods  
Analyses of health data collected from both possum species were carried out to serve 
three main purposes. Firstly, haematological and serum biochemical parameters were 
analysed to provide normal reference ranges for coastal populations of P. occidentalis 
and  T. vulpecula  in  south-west  WA.  Only  animals  considered  healthy  on  clinical 
examination were used for this purpose and outlying data points were removed prior 
to calculation of reference ranges. Data from P. occidentalis at all field sites, including 
sites  around  Busselton  (Grimm  in  prep),  were  pooled  for  calculations  (Chapter  3). 
Differences  between  wild  and  captive-sourced animals,  and  between pre  and  post 
translocation  health  screening  results,  were  investigated  for  P. occidentalis. 
Differences among sites and between possum species were also examined.  
The second purpose of the health data analyses was to provide input into survivorship 
modelling (Section 2.3.4 and Chapter 5). It was hypothesised that particular aspects of 
health including presence of disease, white cell counts, red cell counts and creatinine 
kinase levels might affect survivorship of translocated P. occidentalis; therefore these 
parameters were incorporated into survivorship models.  
Thirdly, measurements made during health screening were used to determine a body 
condition index for each possum species. Body weight was examined as a function of 
body  measurements  using  linear  mixed  modelling,  and  the  difference  between 
expected and actual values for each individual was used as an index of body condition 
(Krebs  and  Singleton  1993,  Viggers  et  al.  1998a).  Results  were  compared  with 
subjective  assessments of  condition  recorded  at  the  time  of  health  screening,  and 
correlated  with  other  health  variables.  Body  condition  indices  were  also  fed  into 
survivorship  analyses  to  test  whether  they  were  useful  for  predicting  individual 
translocation success.  Chapter 2 – Methods 
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2.3.4 Use of Program MARK for survivorship analysis  
Possum survivorship was analysed using an information theoretic approach (Section 
2.3.2). Survival data were modelled as a function of various parameters of interest and 
compared using AICc (Chapter 5). Model building and analysis was implemented in 
Program MARK which uses a linear approach to model fitting and maximum likelihood 
estimation methods to estimate  survivorship and to model capture and re-capture 
probabilities. The methodology is described in detail in Chapter 5; a brief overview of 
the approach is given below.  
The modelling approach used the Known Fate application in Program MARK. This has 
been designed to deal with the special case in mark-recapture analysis where the fate 
of  each  animal  is  known  throughout  the  period  of  investigation  (i.e.  re-capture 
probability = 1). Survival data from weekly possum-monitoring events were combined 
into 4-week blocks for entry into Program MARK, enabling survivorship estimates to be 
generated  for  each  interval  as  well  as  over  the  whole  period.  The  Known  Fate 
methodology can deal with staggered entry of data over time, and also with animals 
censored from the study group (i.e. when radio-collars failed).  
The modelling approach was designed to test a number of a priori hypotheses, based 
on previous information and an understanding of the biology of the species concerned. 
Hypotheses  of  interest  fell  into  two  main  categories:  1)  What  factors  affect 
translocation success and P. occidentalis survivorship in the translocation sites? and 2) 
Do similar factors affect survivorship of established P. occidentalis and T. vulpecula in 
the  field  sites  and  do  these  factors  operate  in  the  same  way  on  both  species?  In 
particular  it  was  considered  important  to  determine  whether  1080-baiting  for  fox 
control was a determinant of survivorship for P. occidentalis.  
Possum data were grouped by field site and then analysed in relation to a number of 
covariates expected likely to affect survivorship. Covariates included 1080-baiting of 
the site, age, sex, season of release, health status and several habitat variables. A 
second set of models was built to test whether survivorship differed between newly 
translocated  animals  and  established  individuals.  Possums  from  two  large Chapter 2 – Methods 
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P. occidentalis  translocation  events  from  development  sites  (November-December 
2006  and  July  2007)  were  used  to  test  this  hypothesis,  together  with  a  second 
hypothesis that release of animals during winter results in better  survivorship than 
releases carried out in summer. A third model set was built in which possums that had 
successfully  established  home  ranges  were  grouped  by  species  (P.  occidentalis  vs. 
T. vulpecula) and survivorship analyses carried out in relation to home range and field 
site characteristics. Within each analysis set, model outputs were ranked using AICc to 
determine  which  model(s)  best  described  the data over the  study  period for each 
possum species. The modelling approach is described in detail in Chapter 5. 
2.3.5 Distance sampling methodology 
Distance sampling is a method of estimating population density and/or population size 
(Buckland et al. 2001, 2004). Line transect sampling is a form of distance sampling in 
which transects are positioned randomly (or otherwise) through a study area and then 
traversed to observe objects of interest along the way. The perpendicular distances 
from each object to the line are measured and particular care is taken not to miss any 
objects close to, or on, the line. Data analysis involves modelling the distribution of 
these distances to determine a probability of detection in relation to distance from the 
line.  This  model,  the  detection  function  g(y),  is  then  used  to  obtain  a  population 
density estimate, with associated measures of precision. Akaike’s Information Criterion 
is used to select between models, and model fit is assessed using the χ
2 goodness of fit 
test, Q-Q plots and other associated tests (Chapter 7). 
Global Positioning System locations of possums detected during the spotlight surveys 
(Section  2.2.8)  were  imported  into  ArcGIS
©  version  9.1  (ESRI,  Redlands,  California) 
(Section  2.3.6),  along  with  GPS  locations  collected  at  10-50  m  intervals  along  the 
transect line. The latter set of points was joined to create a line shape in ArcGIS
©. The 
distances  of  each  possum  location  from  the  transect  line  were  measured  using  a 
freeware  tool,  ETGeoWizards,  (ET  Spatial  Techniques,  Faerie  Glen,  Pretoria,  South 
Africa) which can be accessed at http://www.ian-ko.com/). The resulting distribution 
of distances was then used for input into Distance, and a suitable detection function 
modelled.  From  this  it  was  possible  to  estimate  possum  population  densities,  by Chapter 2 – Methods 
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species, in the areas traversed by the transect in each field site. Habitat variables were 
incorporated into the analyses to investigate species partitioning within field sites. The 
analytical methodology is described in greater detail in Chapter 7.  
2.3.6 Use of Ranges6
©, LocateIII
© and ArcGIS
© for home range analysis  
Location data collected by radio-telemetry were used for analysis of possum home 
ranges using Ranges6
© software (Anatrack Ltd, online at: http://www.anatrack.com/) 
(Kenward  et  al. 2003).  Location  data  were  determined from  GPS  readings  or from 
triangulation  (Section  2.2.6).  GPS  locations  were  a  mixture  of  post-processed  and 
unprocessed fixes, depending on availability of a functional base station. The errors 
associated with each are outlined in Section 2.2.6b and further assessment of GPS 
errors is described in Chapter 6.  
Data obtained using triangulation methods were input into LocateIII
© software (Nams 
2006), which utilises the Maximum Likelihood Estimator (MLE) to estimate the most 
likely  position  of  the  animal  from  three  or  more  bearings,  after  adjustment  for 
magnetic variation. An error ellipse is also calculated for each estimated location; this 
provides a measure of precision. Error ellipses can be estimated on a fix by fix basis or 
from multiple fixes collected at particular positions. The former more conservative 
method was chosen because bearing error could not be considered constant, due to 
variability in signal strengths and to variable signal bounce resulting from differing 
microhabitat use by animals in hilly terrain.  
Locations derived from GPS or triangulation were entered into the database and later 
exported for home range analysis, along with associated variables such as animal ID, 
possum species, sex, type of rest site and diurnal vs. nocturnal fixes. Exported data 
were  prepared  in  MS  Excel
©  2003  for  import  into  Ranges6
©  home  range  analysis 
software.  
Ranges6
© allows home range data to be analysed by a variety of methods including 
minimum convex polygons (MCP), bivariate normal ellipses, kernel density estimation 
and harmonic mean contouring. The pros and cons of these methods are covered in 
Chapter 6. Minimum convex polygon and kernel home range analyses were performed Chapter 2 – Methods 
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for all possums for which greater than 15 fixes were obtained. Kernel estimates of 
home  range  were  used  for  comparisons  within  and  between  species  and  for 
investigating  overlap  of  home  ranges.  Further  information  on  these  analytical 
techniques and discussion of reasons for choice of particular methods are provided in 
Chapter 6.  
ArcGIS
© version 9.1 was used to map the output of home range analyses as well as to 
plot the raw data points in relation to topographical features and vegetation structure. 
Vegetation types were delineated, using orthophotos of the regions of interest along 
with ground-truthing. Polygons representing different vegetation strata were created 
as shapefiles in ArcGIS
© and imported into Ranges6
© for analysis of home range size 
and location, in relation to vegetation type.  
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Chapter 3:  
Health screening and disease status of possums 
3.1 INTRODUCTION 
The effects of animal health on translocation outcomes and the need to minimise risks 
of disease transmission during reintroduction programs are two important issues for 
conservation  biologists  to  consider  when  using  translocation  as  a  tool  in  the 
management of threatened species (Cunningham 1996, Jakob-Hoff 1999, Kock et al. 
2007, Mathews et al. 2006, Parker et al. 2006, Viggers et al. 1993, Woodford and 
Rossiter 1994) (Chapter 1).  
Although there is no direct evidence of disease being a limiting factor for marsupial 
populations  in  south-west  WA,  there  is  anecdotal  evidence  of  severe  widespread 
“disease”-induced mortality of a number of species, including possums, in the decades 
following  European  colonisation  (Abbott  2006,  2008).  No  current  evidence  for 
continued  presence  of highly  pathogenic organisms  has  been  found  in  this region; 
however, until recent years, few detailed surveys had been carried out (e.g. Jakob-Hoff 
and  Dunsmore  1983),  while  others  remained  unpublished  (e.g.  Haigh  1994).  The 
unexplained  decline  of  the  translocated  P. occidentalis  population  at  Leschenault 
Peninsula between 1998 and 2002 (de Tores et al. 2004, de Tores 2005) prompted 
inclusion  of  health  and  disease  investigations  into  further  translocations  of  this 
species, hence the study reported here.  
3.1.1 Aims 
The main aims of the study described in this chapter were: 
i)  to obtain baseline information on the haematological and biochemical profiles 
of coastal populations of P. occidentalis and T. vulpecula in south-west WA, as 
such data are currently limited (Clark 2004);  Chapter 3 – Health  
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ii)  to investigate differences in haematological and biochemical parameter values 
between  possum  species,  among  field  sites  and  between  pre-  versus  post-
translocation sampling occasions for P. occidentalis;  
iii)  to determine levels of exposure to a suite of diseases and pathogens to which 
marsupials are known to be susceptible, and which are considered able or likely 
to adversely affect survival or fecundity of possums in south-west WA;  
iv)  to  investigate  correlations  between  body  condition,  health  parameters  and 
survivorship of translocated P. occidentalis (see also Chapter 5).  
3.2 METHODS 
3.2.1 Study animals, sample collection and sample analysis 
A total of 71 P. occidentalis and 68 T. vulpecula were health-screened between Nov 
2005 and Mar 2008. Several individuals were screened more than once, resulting in 
collection of 199 biological samples, 100 from P. occidentalis and 99 from T. vulpecula. 
In  addition,  68  extra  blood  samples  collected  from  P. occidentalis  as  part  of  a 
concurrent  project  (Grimm  in  prep)  were  included  for  the  establishment  of 
P. occidentalis reference ranges. Whenever possible, a full set of data (see below) was 
collected  from  each  animal  on  each  sampling  occasion.  However,  collection  of 
incomplete data sets was common for various reasons, including premature clotting of 
blood, insufficient serum for the full panel of tests, lack of faeces and empty bladders. 
Details of the samples taken from each animal on each sampling occasion are provided 
in Appendix 1.  
Sampling was carried out under isoflurane anaesthesia. Methods of animal capture, 
restraint, anaesthesia and sampling are detailed in Chapter 2 (Sections 2.2.1 to 2.2.3). 
Samples comprised:  
i)  Blood samples collected into EDTA anticoagulant for haematology analysis (see 
Table 2.10 in Chapter 2 for parameters measured);  Chapter 3 – Health  
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ii)  Whole blood, from which serum was collected for biochemical analysis (see Table 
2.11 in Chapter 2 for parameters measured) and for detection of antibodies to 
Leptospira serovars and T. gondii, and detection of Cryptococcus antigen;  
iii)  Urine for urinalysis (collected by manual expression of the bladder);  
iv)  Cloacal swabs (in transport medium) for aerobic and anaerobic bacterial culture;  
v)  Faeces for endoparasite identification (collected opportunistically);  
vi)  Cloacal, ocular and pharyngeal swabs for Chlamydophila identification; and  
vii)  Ectoparasites, if observed during clinical examination, for identification.  
Swabs and sera collected for Chlamydophila, Leptospira and Cryptococcus testing were 
stored frozen at -20°C before being sent interstate in batches for analysis. Sera for T. 
gondii testing were sent on ice to the Tasmanian Department of Primary Industries, 
Parks, Water and Environment (DPIPWE) via Murdoch University. All other samples 
were  sent  on  ice  to  the  Veterinary  Clinical  Pathology  and  Veterinary  Parasitology 
Laboratories  within  the  School  of  Veterinary  and  Biomedical  Sciences  at  Murdoch 
University for immediate analysis (usually carried out within 24 hours).  
The scope of the disease surveillance aspect of the project was limited by both costs 
and  availability  of  tests.  Microbial  cultures  from  cloacal  swabs  were  screened  for 
Salmonella spp. and provided baseline information on gastro-intestinal flora. Faecal 
samples  were  examined  for  evidence  of  endoparasites,  and  any  ectoparasites 
observed were collected and identified. Blood smears were examined for microfilariae, 
and urine for bacteria.  All the microbial and parasitic data collected were qualitative 
rather than quantitative in nature. Screening for exposure to specific disease agents 
was limited to T. gondii, Leptospira, Cryptococcus and Chlamydophila; these diseases 
were  considered  those  most  likely  to  affect  translocation  outcomes  in  south-west 
Western Australia (see Chapter 1). Methods by which samples were analysed have 
been described in detail in Chapter 2 (Section 2.2.3e).  
Body mass was measured to the nearest gram using digital weighing scales (QHW-3 
model  obtained  from  @Weigh™,  available  online  at  www.weigh.com.au). 
Morphometric  data,  including  head-body,  head  and  pes  lengths  were  collected  on 
each  sampling  occasion.  Testis  length  and  width  was  measured  for  males;  pouch Chapter 3 – Health  
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contents, numbers of accompanying juveniles and lactation status were assessed for 
females. (Sections 2.2.3b and 2.2.3c in Chapter 2)  
3.2.2 Statistical analyses 
In order to determine normal reference range values, compare these between species 
and assess the health of the possums pre- and post-translocation, haematological and 
biochemical data were grouped as follows:   
i)  All  P. occidentalis  data,  including  those  collected  by  Grimm  (in  prep),  for 
reference range determination and regional differences;  
ii)  Data from wild P. occidentalis and T. vulpecula at my study sites, for inter-specific 
comparisons and field site differences; and  
iii)  P. occidentalis data before and after translocation, to compare pre- versus post-
translocation values of individuals.  
Outlying points within the raw data for each data set were identified using the method 
recommended in Lumsden and Mullen (1978) and references therein, whereby outliers 
at either extreme of the distribution are recognised if:  
either  or     is greater than 1/3. 
 This  method  does  not  assume  any  underlying  data  distribution.  Outliers  were 
inspected to determine whether all values from that animal were unusual, or whether 
only the particular data point was an outlier (for no obvious reason). In the former 
case the individual’s whole sampling occasion was removed from further analysis and 
examined separately; in the latter situation only the outlying point was removed. Few 
outliers of either category were found (Section 3.3.1). Only wild-caught P. occidentalis 
were used for establishment of reference ranges because differences between these 
and  captive  animals  were  found  in  several  parameters  (Section  3.3.1).  Juvenile 
P. occidentalis (weighing <600g) were also omitted, as they were few in number (<5% 
of samples) and some of their parameter values were distributed differently to those 
of adults.  
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Box  plots,  histograms,  normal  probability  plots  and  Shapiro-Wilk  normality  test 
statistics were assessed to check for parametric distribution of continuous variables 
within each data set. Variables that failed the Shapiro-Wilk test for normality were 
transformed using logarithm or square root transformations, as appropriate, and re-
assessed. Means, standard deviations (SD) and Gaussian tolerance intervals (Lumsden 
and Mullen 1978) were calculated for variables in the “All P. occidentalis” data set that 
conformed to parametric distributions before or after transformation.  
Gaussian lower and upper tolerance limits were calculated using the formulae: 
 
where values of k, which depend on sample size, were interpolated/extrapolated from 
the table provided in Lumsden and Mullen (1978, p 297), which was composed from 
data in Weissberg-Beatty (1960). Gaussian tolerance intervals are more meaningful 
than Gaussian percentile intervals (mean ± 1.96 SD) because they carry an associated 
probability (0.90) of containing 95% of the population. The relationship between k and 
sample size is shown graphically in Fig. 3.1.  
Medians,  2.5  and  97.5  percentile  values  were  calculated  for  non-parametrically 
distributed  variables  that  were  unable  to  be  successfully  transformed  to  meet 
assumptions of normality. Sample sizes of 120 for empirical quantiles are generally 
recommended (Reed et al. 1971); my sample sizes ranged from 107-122 (see Section 
3.3.1).    For  comparison  with  other  studies  I  also  provided  median,  2.5  and  97.5 
percentile values for the parametrically distributed variables.  
Effects  of  age  (sub-adults  vs.  adults),  sex,  lactation  and  wild  vs.  captive  status  on 
haematological  and  serum  biochemical  parameters  were  assessed  using  multilevel 
mixed  effects  linear  regression  with  restricted  maximum  likelihood  (REML)  model 
fitting (Bolker et al. 2009, Patterson and Thompson 1971) to take into account random 
effects of within-animal variability (animal ID was modelled as the random effect). 
Wald test statistics of fixed effects (age, sex, lactation and wild vs. captive status) were 
examined  at  the  =0.05  level  of  significance  to  determine  relevant  groupings  for 
comparison of variables. In addition, mixed effects linear regression models including 
kSD x Lower kSD x UpperChapter 3 – Health  
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combinations of fixed effects were ranked by AICc (Burnham and Anderson 2002) to 
determine the relative importance of these effects.  
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Figure 3.1 Graphical representation of the table in Lumsden and 
Mullen (1978, p 297), showing the influence of sample size on 
the value of k which determines the probability 0.90 that 95% of 
the population lies within the Gaussian tolerance interval. 
 
Similar methods (mixed effects linear regression with REML and Wald statistics) were 
used  to  test  for  differences  in  haematological  and  serum  biochemical  parameters 
between species and field sites using the “Wild P. occidentalis and T. vulpecula” data 
set, and to investigate regional differences in the “All P. occidentalis” data set. Again, 
juveniles  were  omitted  from  comparisons.  Differences  between  pre-  and  post-
translocation parameter values were similarly assessed for P. occidentalis, using two 
data sets: a) all P. occidentalis pre- and post-translocation, including those which did 
not survive long enough for a second sampling and b) only those P. occidentalis from 
which both pre- and post-translocation samples were obtained.  Set b) was a subset of 
a).  
Body  condition  indices  for  each  possum  species  were  derived  using  mixed  effects 
linear regression of body mass (dependent variable) against head-body, head and pes Chapter 3 – Health  
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measurements.  Individual  animal  ID  was  modelled  as  the  random  effect.  All 
continuous variables were log transformed prior to modelling. Log transformations are 
commonly used for assessing body condition of mammals, as the relationship between 
body mass and morphometric data often shows a log-log relationship for a variety of 
ages (Krebs and Singleton 1993). Log-transformed data also fitted a normal distribution 
better  than  did  non-transformed  values.  Mixed  effects  linear  regression  models 
including all possible combinations of fixed effects (morphometrics, and also sex) were 
ranked  by  AICc  to  determine  whether  indices  needed  to  be  derived  for  each  sex 
separately, and to determine which model best described the data. Residuals from the 
most highly ranked model for each species (by sex if relevant) were used as an index 
for  body  condition.  Body  condition  indices  (BCI)  were  compared  with  subjective 
assessments of condition (ranked on a scale of 1-6 from very poor to very good) using 
Spearman’s rank correlations.  
Reporting of urinalysis, microbiology, parasitology and infectious diseases data was, in 
the  main,  qualitative  because  most  variables  were  descriptively  rather  than 
quantitatively recorded. Spearman’s rank correlations between body condition indices, 
haematological parameters and serum biochemical values were carried out for each 
possum  species  separately.  Effects  of  parasite  presence/absence  on  subjective 
rankings of body condition and BCI were investigated using ordered logistic regression 
and  linear  regression  models  respectively.  All  statistical  analyses  were  carried  out 
within the statistical software package Stata
© version 10.1.  
3.3 RESULTS 
3.3.1 Haematology and biochemistry 
a) Outlying data 
Exclusion of outliers from the “All P. occidentalis” data set resulted in the removal of 
10 sampling occasions. Relevant information is shown in Table 3.1 and discussed in 
more detail below. Some or all of the outlying sampling occasions identified in the “All 
P. occidentalis” data set were also removed from the data set of “wild P. occidentalis Chapter 3 – Health  
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and T. vulpecula” and from the comparisons of pre- vs. post-translocation data for 
P. occidentalis. Three outlying T. vulpecula sampling occasions were removed from the 
“wild P. occidentalis and T. vulpecula” data set also (Table 3.1).  
 
Species Possum Date Outlying data Other abnormalities Comments
P. occidentalis PoF033* 24-Jan-07 high bilirubin ++ haemolysis
sample quality 
questionable
PoF036* 24-Jan-07
high platelet 
count
++ anisocytosis, high 
fibrinogen, low 
albumin
recent soft tissue injury
PoF178  29-Nov-05
band 
neutrophils
high lymphocyte 
count, high platelet 
count, high WBC
no apparent clinical 
abnormalities
PoF179  29-Nov-05 +++ haemolysis poor sample quality
PoF184  30-Aug-06 very high ALP
prolongued stressful 
capture
PoF191  28-Nov-06 low calcium poor sample quality
PoF212  04-Oct-07 low PCV
+++ polychromasia,  
++ poikliocytosis,    
+++ haemolysis,      
low RBC
anaemia, but no 
clinical abnormalities
PoM091* 01-Mar-08 high AST high CK, high albumin
no apparent clinical 
abnormalities
PoM155  27-Nov-07 high AST high CK stressful capture
PoM158  08-Jul-07
high platelet 
count and mpv
++ haemolysis, body 
temp 37.6°C
no apparent clinical 
abnormalities
T. vulpecula TvF003  06-May-07
low RBC, PCV 
and HCT
many fleas and mites,  
poor body condition
fairly weak but bright; 
survived for at least 10 
more months
TvF013  07-Mar-07 high AST and CK
no apparent clinical 
abnormalities
TvM022  16-Oct-07
high eosinophil 
count
high WBC, presence 
of Entamoeba sp and 
Strongyle eggs
no apparent clinical 
abnormalities
* Samples obtained from Grimm (in prep)
Table 3.1 Outlying data and other abnormalities in the samples removed from the
haematological and serum biochemical analyses
 
 
Of the 10 P. occidentalis and three T. vulpecula samples omitted from haematological 
and serum biochemical reference range analyses due to outlying data values (Table 
3.1), three were of poor quality (clotted blood, haemolysis) and were excluded for this 
reason. All remaining samples, except one, were from wild-caught animals (pre- or 
post-translocation).  The  captive  P. occidentalis,  PoF178,  had  high  white  cell  and Chapter 3 – Health  
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lymphocyte  counts  and  0.1x10
9  band  neutrophils/L,  suggesting  presence  of  some 
infectious/inflammatory  process.  This  animal  was  health-screened  prior  to  my 
involvement in the project; no clinical signs of ill health were reported. The possum 
died six months post-translocation in poor condition with a heavy ectoparasite burden 
of Trichosurolaelaps sp. mites.  
Two  of  the  wild-caught  individuals,  one  of  each  species,  showed  haematological 
evidence of anaemia. Female P. occidentalis, PoF212, had a back-riding offspring and 
was in relatively poor body condition, but showed no obvious signs of illness. She lived 
for  a  further  three  months  before  being  eaten  by  a  python.  Female  T. vulpecula, 
TvF003,  was  also  in  poor  body  condition  and  somewhat  weak;  she  had  a  heavy 
ectoparasite burden of fleas and mites and showed no evidence of breeding. Despite 
this, she survived until the end of the study (10 more months), remaining in poor 
condition and non-breeding.  
Two P. occidentalis and one T. vulpecula showed high AST levels, as well as high CK. 
Two  of  these  values  were  associated  with  stressful  capture  events  and  probably 
resulted  from  muscle  damage  associated  with  mild  capture  myopathy,  which  is 
particularly common (and often severe) in some species of macropod (Ladds 2009, 
Vogelnest and Woods 2008). No clinical abnormalities were recorded for any of these 
possums,  and  the  two  animals  in  my  study  survived  for  several  months.  Another 
P. occidentalis,  PoF184,  had  very  high  ALP  values;  possibly  associated  with 
glucocorticoid release, due to a prolonged stressful capture event, as well as to her 
young age (Section 3.4.1). The remaining two P. occidentalis both had high platelet 
counts. One, PoF033, had an obvious recent soft tissue injury (Grimm in prep). The 
other,  PoM158,  appeared  clinically  normal  apart  from  a  somewhat  high  body 
temperature (37.6°C); this animal died soon after translocation (drowning, Chapter 4) 
and no gross abnormalities were found at necropsy. The final T. vulpecula, TvM022, 
had  a  high  eosinophil  count,  high  white  cell  count  and  endoparasite  infestation 
(Entamoeba sp. and strongyle eggs), but appeared clinically normal.  
An additional three outlying data points were omitted from the “All P. occidentalis” 
data set; however, the remainder of the sample data for each of these animals was Chapter 3 – Health  
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retained,  as  no  other  abnormalities  were  obvious.  These  data  points  were:  i)  an 
outlying creatinine level (low), ii) an outlying albumin level (low), and iii) a high number 
of disintegrated cells in the differential WBC count. A further 12 outlying data points 
were  removed  from  the  T. vulpecula  data  set  from  samples  that  were  otherwise 
unremarkable.  
b) P. occidentalis reference ranges 
P.  occidentalis  reference  ranges  for  all  haematological  and  serum  biochemical 
parameters measured are provided in Table 3.2. These were derived from wild-caught 
individuals,  not  including  juvenile  animals  (<600  g).  Gaussian  tolerance  intervals, 
empirical  quantiles  and  means  ±2SD  are  shown  for  all  parametrically  distributed 
variables. Empirical quantiles and means ±2SD are provided for comparison with data 
from  other  studies  that  may  only  present  these  intervals.  The  Gaussian  tolerance 
interval covers a wider range than the mean ±2SD, as its calculation is influenced more 
strongly by sample size (Section 3.2.2).  
Model  ranking  and  Wald  tests  indicated  that  captive  animals  differed  from  wild 
individuals for many parameters, so their data were analysed separately. Summary 
statistics for captive P. occidentalis (mean, median, range) are provided in Table 3.3. As 
captive  data  are  likely  to  represent  particular  captive  environments  (in  this  case, 
animals housed at wildlife rehabilitation centres) and because sample sizes were small, 
calculation of reference ranges, as such, from them was not appropriate. However, the 
ranges of parameter values shown in Table 3.3 may be useful for comparison with 
other  captive  P. occidentalis.  Values  for  neutrophil  count,  total  serum  protein, 
fibrinogen, ALT, AST, CK, bilirubin, cholesterol, protein, urea and globulin for captive 
P. occidentalis were all lower than those for wild P. occidentalis, while ALP and glucose 
values were higher.  
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Units
Data distribution 
or transformation Count Mean
# Median
WBC x 10
9/L sqrt 115 5.31 2.10 – 9.99* 2.28 – 9.61* 5.50 2.07 – 8.72
a RBC x 10
12/L normal 115 5.30 4.06 – 6.55 4.15 – 6.46 5.40 3.98 – 6.42
Hgb g/L sqrt 115 139 110 – 171 112 – 169 141 112 – 169
PCV L/L normal 111 0.40 0.33 – 0.48 0.33 – 0.48 0.41 0.32 – 0.47
Hct L/L normal 115 0.40 0.32 – 0.48 0.32 – 0.48 0.40 0.31 – 0.48
MCV fL – 113 75 70 – 89
MCH pg – 113 26.3 24.1 – 29.2
MCHC g/L – 113 350 314 – 371
Plt x 10
9/L sqrt 115 454 256 – 708* 268 – 688 441 268 – 659
MPV fL log 107 11.2 7.6 – 16.5* 7.8 – 16.1* 11.1 7.4 – 15.2
Neut x 10
9/L log 115 1.68 0.59 – 4.83 0.63 – 4.49 1.73 0.63 – 4.26
Lymp x 10
9/L sqrt 115 3.05 0.82 – 6.68 0.93 – 6.38 2.86 1.00 – 6.41
Mono x 10
9/L log 115 0.08 0.01 – 0.43 0.02 – 0.28 0.04 0.00 – 0.33
Eos x 10
9/L log 115 0.16 0.03 – 0.92* 0.04 – 0.70 0.13 0.00 – 0.77
Baso x 10
9/L log 115 0.06 0.01 – 0.26* 0.03 – 0.11 0.00 0.00 – 0.16
Disint x 10
9/L log 114 0.12 0.03 – 0.52 0.03 – 0.47 0.06 0.00 – 0.55
TPP g/L log 111 64 54 – 76 55 – 75 65 54 – 76
Fib g/L sqrt 111 2.7 1.2 – 5.0 1.3 – 4.8 3.0 1.0 – 5.2
 #  Back-transformed values    * Values outside the sample range
 a  AIC ranking of models and Wald tests indicated sex and lactation effects
Central 95% 
interval
Table 3.2 a) Haematological reference ranges for clinically healthy wild P. occidentalis weighing >600g. Parameters for which
sex and lactation effects were found are indicated in footnotes. See Tables 2.10 & 2.11 for unabbreviated parameter names.
The minimum and maximum values for the reference range of each parameter are in bold.
Parameter
Gaussian tolerance 
interval
# Mean ±  2SD
# 
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Units
Data distribution 
or transformation Count Mean
# Median
b ALP IU/L log 122 74 19 – 285 21 – 261 73 24 – 239
ALT IU/L log 122 63 31 – 127 33 – 121 60 34 – 130
c AST IU/L log 122 31 11 – 85 12 – 79 30 14 – 91
a CK IU/L log 121 6114 1414 – 26438* 1559 – 23977* 5754 1393 – 20000
a Alb g/L normal 121 43 35 – 50 36 – 49 43 36 – 49
b Bili umol/L log 119 13.7 5.9 – 31.6 6.3 – 29.8 13.4 6.5 – 30.4
Ca mmol/L log 122 2.74 2.41 – 3.12 2.43 – 3.09 2.74 2.45 – 3.03
Chol mmol/L normal 120 2.5 1.4 – 3.6 1.5 – 3.5 2.4 1.5 – 3.6
Creat umol/L log 121 60 41 – 90 42 – 88 60 41 – 84
Gluc mmol/L log 122 4.9 2.6 – 9.3 2.7 – 8.9 4.9 2.4 – 8.5
Prot g/L log 121 60 49 – 73 50 – 72 59 49 – 72
b Phos mmol/L log 122 1.8 0.9 – 3.6 0.9 – 3.4 1.8 1.0 – 3.7
a Urea mmol/L normal 122 7.0 2.2 – 11.7 2.6 – 11.3 6.9 2.8 – 12.0
Glob g/L sqrt 121 17.0 8.3 – 28.8 8.8 – 27.8 16.8 9.0 – 29.9
 #  Back-transformed values    * Values outside the sample range
 a  AIC ranking of models and Wald tests indicated sex and lactation effects
 b  AIC ranking of models and Wald tests indicated age effects
 c  AIC ranking of models and Wald tests indicated sex effects
Table 3.2 b) Serum biochemical reference ranges for clinically healthy wild P. occidentalis weighing >600g. Parameters for
which sex, age or lactation effects were found are indicated in footnotes. See Tables 2.10 & 2.11 for unabbreviated parameter
names. The minimum and maximum values for the reference range of each parameter are in bold.
Parameter
Gaussian tolerance 
interval
# Mean ±  2SD
# 
Central 95% 
intervalChapter 3 – Health  
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Parameter Count Mean Median
WBC 23 5.12 5.00 3.20 – 7.40
RBC 23 5.35 5.23 4.01 – 6.47
Hgb 23 135 134 109 – 167
PCV 23 0.40 0.40 0.31 – 0.50
Hct 23 0.40 0.38 0.31 – 0.54
MCV 23 75 74 66 – 85
MCH 23 25.4 25.3 23.2 – 28.8
MCHC 23 340 346 302 – 371
Plt 23 472 449 268 – 665
MPV 23 9.8 9.5 8.0 – 15.3
* Neut 23 1.14 0.98 0.40 – 2.47
Lymp 23 3.69 3.70 1.58 – 6.22
Mono 23 0.07 0.05 0.00 – 0.26
Eos 23 0.13 0.10 0.00 – 0.53
Baso 23 0.01 0.00 0.00 – 0.14
Disint 23 0.08 0.04 0.00 – 0.64
* TPP 23 58 57 46 – 70
* Fib 23 2.3 2.0 1.0 – 4.0
* ALP 23 193 176 40 – 394
* ALT 23 47 46 33 – 88
* AST 23 19 19 10 – 31
* CK 23 3139 2834 1686 – 10554
Alb 23 42 42 34 – 49
* Bili 19 11.1 10.3 5.0 – 17.3
Ca 23 2.76 2.69 2.55 – 3.13
* Chol 23 2.1 1.9 0.9 – 3.5
Creat 23 58 59 43 – 80
* Gluc 23 7.5 7.3 4.3 – 13.2
* Prot 23 52 52 40 – 59
Phos 23 1.8 1.6 0.8 – 3.0
* Urea 23 3.4 3.2 0.7 – 6.9
* Glob 23 10.2 10.3 3.6 – 18.2
 * AICc and Wald tests indicate captive animals differ from wild (α=0.05 significance level)
Range
Table 3.3 Summary statistics for haematological and biochemical parameters of
clinically normal captive P. occidentalis weighing >600g. Asterisks indicate
variables differing from wild P. occidentalis. Units as in Table 3.2.
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Variables in Table 3.2, for which sex, age or lactation status effects were found, are 
presented  in  Table  3.4  in  appropriate  groupings.  The  highest  ranked  mixed  linear 
regression models for each dependent variable (within 2AICc of the top model) are 
shown in Table 3.5, along with Wald test statistics for each model. Red cell count, CK, 
albumin  and  urea  differed  between  males,  lactating  females  and  non-lactating 
females. There was also evidence of an age effect for CK and albumin (Table 3.5). 
Levels of ALP, bilirubin and phosphorus differed between sub-adults and adults, while 
AST levels differed between males and females regardless of age or lactation status. 
The intercept-only model was ranked highest by AICc for all other dependent variables. 
 
Parameter Grouping Count Mean Median
a) RBC Male 46 5.44 5.54 3.99 – 6.59
Lactating female 44 5.35 5.37 4.14 – 6.45
Non-lactating female 25 4.96 5.03 3.61 – 5.66
CK Male 47 6513 5080 1363 – 17269
Lactating female 46 7113 5255 424 – >20000*
Non-lactating female 28 10233 8739 2267 – >20000*
Albumin Male 46 42 42 34 – 49
Lactating female 47 44 45 37 – 49
Non-lactating female 28 41 42 36 – 48
Urea Male 47 7.0 6.7 2.8 – 13.6
Lactating female 47 6.3 6.4 2.6 – 11.3
Non-lactating female 28 8.0 7.6 5.4 – 11.8
b) ALP Sub-adult 15 169 152 51 – 367
Adult 107 78 68 18 – 194
Bilirubin Sub-adult 15 11.3 10.8 3.9 – 18.3
Adult 104 15.2 14.4 3.0 – 33.4
Phosphorus Sub-adult 15 2.6 2.4 1.2 – 4.7
Adult 107 1.7 1.8 0.6 – 3.1
c) AST Male 47 41 37 12 – 92
Female 75 31 25 14 – 107
* 20000 was the upper limit that the machine would read so this value was used in analyses
Table 3.4 Summary statistics for haematological and biochemical parameters of P. 
occidentalis for which AICc and Wald tests showed a) sex and lactation differences, b)
age differences and c) sex differences. Units as in Table 3.2.
Range
 
 
Red cell counts were lower for non-lactating females than lactating females (Wald 
statistic
 = 7.25, P = 0.007, n = 69) or males (Wald statistic
 = 9.21, P = 0.002, n = 71). 
Albumin levels were higher in lactating females than males (Wald statistic
 = 13.48, P Chapter 3 – Health  
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<0.001, n = 93) or non-lactating females (Wald statistic
 = 19.54, P <0.001, n = 75). This 
latter effect may have been partly due to lower levels of hydration; if so, red cell 
counts of lactating females may have been artificially elevated above true levels.  
Creatinine kinase levels were higher in non-lactating females than males (Wald statistic
 
= 7.76, P = 0.005, n = 75) or lactating females (Wald statistic
 = 10.88, P = 0.001, n = 74). 
Urea  levels  differed  between  lactating  and  non-lactating  females  (Wald  statistic
  = 
12.41, P <0.001, n = 75). Levels of ALP and phosphorus were higher in sub-adults than 
adults,  as  is  commonly the  case  in  mammals, while  bilirubin  levels  were higher  in 
adults  than  younger  animals  (Table  3.5).  Levels  of  AST  were  higher  in  males  than 
females.  
 
Dependent 
variable
Model N
log-
likelihood 
(model)
df AICc
delta 
AICc
Wald 
statistic 
Prob > 
χ2
RBC sex, lactation 115 -95.4 5 201.4 0 9.77 0.008
intercept-only 115 -97.7 3 201.6 0.19 - -
Ln_CK age, sex, lactation 121 -118.1 6 249.0 0 17.06 0.001
sex, lactation 121 -119.8 5 250.2 1.26 13.95 0.001
Albumin age, sex, lactation 122 -318.5 6 649.7 0 23.43 0.000
sex, lactation 122 -319.8 5 650.1 0.39 21.63 0.000
Urea sex, lactation 122 -262.9 5 536.4 0 10.58 0.005
age, sex, lactation 122 -261.9 6 536.5 0.06 10.92 0.012
Ln_ALP age 122 -104.5 4 217.3 0 20.23 0.000
Ln_bilirubin age 119 -57.2 2 118.4 0 7.45 0.006
Ln_phosphorus age 122 -30.4 4 69.2 0 21.53 0.000
age, sex, lactation 122 -28.3 6 69.3 0.11 33.63 0.000
Ln_AST sex 122 -75.9 4 160.1 0 7.61 0.006
Table 3.5 Model details for dependent variables affected by sex, age and/or lactation status
of P. occidentalis. Models within 2AICc of the top model for each variable are shown, with
the top model in bold. Mixed linear regression models with REML were used, with individual
animal as the random factor. The Wald test tests the Ho that the fixed effects in a particular
model are simultaneously equal to zero without the need to estimate a null model.
 
 
The wild P. occidentalis used for determination of reference ranges came from several 
sites.  Four  regional  groupings  were  defined:  Busselton  development  sites  (west  of Chapter 3 – Health  
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Busselton  Township),  Tuart  Forest  National  Park  (east  of  Busselton  Township  and 
hereafter  referred  to  as  TFNP),  Gelorup  (10  km  south  of  Bunbury)  and  the 
translocation sites (north of Bunbury). Regional differences were identified for RCB 
(Wald statistic = 20.85, P <0.001, n = 115), haemoglobin (Wald statistic = 14.30, P 
<0.001,  n  =  115),  albumin  (Wald  statistic  =  9.75,  P  =  0.002,  n  =  121),  urea  (Wald 
statistic = 6.61, P = 0.01, n = 122) and globulin (Wald
 statistic = 6.62, P = 0.010, n = 
121). Summary statistics are provided in Table 3.6 for these variables.  
 
Parameter Field site Count Mean SE(mean) Median
RBC TFNP 32 4.97 0.39 5.10 3.61 – 6.45
Translocation sites 21 5.22 0.50 5.25 4.22 – 6.17
Gelorup 27 5.39 0.45 5.41 4.55 – 6.42
Busselton 35 5.59 0.40 5.64 4.69 – 6.59
Hgb TFNP 32 135 14.33 135 98 – 168
Translocation sites 21 136 17.92 139 112 – 159
Gelorup 27 140 16.06 139 115 – 168
Busselton 35 145 14.46 144 117 – 171
Alb TFNP 32 41 1.13 41 34 – 49
Translocation sites 22 42 1.38 42 37 – 48
Gelorup 31 44 1.19 44 37 – 49
Busselton 36 44 1.10 44 37 – 49
Urea Busselton 36 5.4 0.39 5.7 2.6 – 8.4
Translocation sites 23 6.2 0.52 5.5 3.2 – 11.2
Gelorup 31 7.9 0.50 7.7 4.7 – 11.8
TFNP 32 8.4 0.51 7.8 5.0 – 13.6
Glob Busselton 36 14.3 2.55 14.5 8.5 19.1
Translocation sites 23 16.2 3.55 16.2 7.6 37.2
Gelorup 31 18.6 3.36 18.9 9.9 25.9
TFNP 31 19.4 3.47 19.6 11.3 30.5
Range
Table 3.6 Summary statistics for variables of P. occidentalis for which field site
differences were identified. Field sites are sorted by mean value within each variable.
 
 
Red  cell  counts  and  levels  of  haemoglobin  and  albumin  followed  similar  patterns 
among  the  four  regions,  with  values  lowest  at  TFNP  and  highest  at  Busselton 
development  sites.  Urea  and  globulin  levels  were  lower  at  Busselton  and  the 
translocation sites than at Gelorup or TFNP.  
Seasonal differences in RBC, haemoglobin, haematocrit, albumin, and calcium were 
found for female P. occidentalis but not for males. All these parameters were lower in Chapter 3 – Health  
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spring  (Sept-Nov)  than  during  other  seasons  of  the  year,  most  likely  related  to 
lactational demands of growing young. Bilirubin levels were highest in winter for both 
sexes, and cholesterol levels highest in spring. Interactions between season and site 
were not investigated. Since the sampling design was not targeted at investigating 
seasonal differences, detailed results are not shown and I do not attempt to make any 
inferences from them.  
c) Differences between P. occidentalis and T. vulpecula  
Haematological  and  serum  biochemical  data  from  wild-caught  P. occidentalis  and 
T. vulpecula at my translocation study sites were collated and examined to investigate 
inter-specific  and  site  differences  in  parameter  values.  Summary  statistics  for  all 
parameters  are  provided  in  Table  3.7.  Reference  ranges  for  T. vulpecula  were 
established by Grimm (in prep) from a larger data set of T. vulpecula, including those 
analysed here.  
Wald tests (α=0.05) identified species differences for all variables except lymphocyte 
counts, total serum protein and phosphorus. Red cell counts, haemoglobin, packed cell 
volume and haematocrit were higher in P. occidentalis than T. vulpecula. White cell 
counts  were  slightly  higher  in  P. occidentalis  than  T. vulpecula,  due  mainly  to 
neutrophil numbers. Albumin levels were higher in P. occidentalis than T. vulpecula; 
the reverse was true for globulins, resulting in similar total serum protein levels for 
both species. Levels of ALP, AST, cholesterol, creatinine, glucose and urea were higher 
in T. vulpecula, while ALT, CK, bilirubin and calcium were higher in P. occidentalis.  
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N Mean Median N Mean Median
WBC WRP 57 5.25 5.20 1.70 – 8.90 TPP WRP 53 63 62 51 – 72
CBP 86 4.72 4.50 2.00 – 8.50 CBP 82 65 65 58 – 76
RBC WRP 57 5.44 5.53 4.22 – 6.59 Fib WRP 53 2.9 3.0 1.0 – 6.0
CBP 84 4.87 4.83 3.73 – 6.53 CBP 81 1.9 2.0 1.0 – 4.0
Hgb WRP 57 142 143 112 – 171 ALP WRP 60 93 92 26 – 194
CBP 84 104 105 52 – 140 CBP 90 1134 838 71 – 4940
PCV WRP 53 0.40 0.41 0.32 – 0.48 ALT WRP 60 71 67 33 – 131
CBP 84 0.30 0.30 0.18 – 0.38 CBP 90 53 50 22 – 92
Hct WRP 57 0.40 0.41 0.31 – 0.48 AST WRP 59 38 35 12 – 107
CBP 84 0.31 0.32 0.21 – 0.45 CBP 91 55 54 5 – 118
MCV WRP 56 74 74 69 – 81 CK WRP 59 8008 6537 1363 – >20000
CBP 84 65 65 46 – 75 CBP 91 775 347 25 – 4808
MCH  WRP 56 26.0 26.0 23.6 – 29.2 Alb WRP 59 43 43 37 – 49
CBP 84 21.4 21.9 11.2 – 24.6 CBP 90 35 35 27 – 45
MCHC WRP 56 353 355 317 – 382 Bili WRP 60 15.2 14.4 6.5 – 33.4
CBP 83 332 334 286 – 371 CBP 85 3.0 2.7 0.0 – 6.5
Plt WRP 57 439 430 218 – 692 Ca WRP 60 2.75 2.74 2.45 – 3.31
CBP 84 361 330 86 – 960 CBP 89 2.19 2.20 1.31 – 2.54
MPV WRP 55 10.8 10.8 7.7 – 15.6 Chol WRP 60 2.4 2.3 1.6 – 3.6
CBP 84 12.6 12.2 9.1 – 19.6 CBP 89 3.7 3.5 2.1 – 6.5
Neut WRP 56 1.69 1.59 0.42 – 3.50 Creat WRP 60 61 59 36 – 87
CBP 84 1.35 1.16 0.31 – 5.04 CBP 90 78 76 38 – 130
* Lymp WRP 56 3.11 2.96 0.77 – 5.47 Gluc WRP 60 5.5 5.6 2.0 – 10.0
CBP 84 2.94 2.85 0.55 – 6.72 CBP 91 6.1 6.1 4.2 – 9.1
Mono WRP 57 0.05 0.04 0.00 – 0.28 * Prot WRP 60 58 58 44 – 68
CBP 83 0.05 0.04 0.00 – 0.20 CBP 89 59 59 48 – 72
Eos WRP 57 0.12 0.10 0.00 – 0.35 * Phos WRP 60 1.5 1.5 0.6 – 2.5
CBP 84 0.13 0.07 0.00 – 0.78 CBP 90 1.6 1.6 0.5 – 3.1
Baso WRP 56 0.02 0.00 0.00 – 0.15 Urea WRP 60 5.7 5.7 2.6 – 11.2
CBP 84 0.02 0.00 0.00 – 0.13 CBP 91 7.9 7.7 3.7 – 16.0
Disint WRP 56 0.11 0.07 0.00 – 0.56 Glob WRP 59 14.8 14.9 7.6 – 20.7
CBP 84 0.25 0.07 0.00 – 1.47 CBP 89 23.9 24.2 7.8 – 34.0
* Parameters not differing between P. occidentalis and T. vulpecula on Wald tests (mixed linear regression with REML)
Range Range
Table 3.7 Summary statistics for haematological and serum biochemical parameters of wild P. 
occidentalis and T. vulpecula in my study (excluding juveniles). Species differences (Wald
tests, α=0.05) were identified for all parameters except those annotated.
 
 
Differences  among  field  sites  for  some  parameters  were  identified  (Wald  tests, 
=0.05). Red cell count, haemoglobin, packed cell volume, haematocrit and albumin 
levels varied among sites for P. occidentalis and T. vulpecula. Neutrophil count, ALT, 
cholesterol  and  globulin  levels  differed  among  sites  for  T. vulpecula,  while  site 
differences  in  bilirubin  levels  were  found  in  P. occidentalis.  Summary  statistics  are 
shown by species and site in Table 3.8.  
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Site N Mean Median Site N Mean Median
RBC LP 5 4.85 4.85 4.22 – 5.43 PBR 22 4.44 4.45 3.73 – 5.40
PBR 6 5.07 5.17 4.38 – 5.60 LP 35 4.98 4.92 4.06 – 6.53
MT 11 5.45 5.53 4.68 – 6.17 MT 27 5.08 5.08 3.78 – 6.23
Buss 35 5.59 5.64 4.69 – 6.59
Hgb PBR 6 131 131 115 – 148 PBR 22 91 94 52 – 109
LP 5 131 139 112 – 143 MT 27 107 107 67 – 123
MT 11 141 144 117 – 159 LP 35 110 112 80 – 140
Buss 35 145 144 117 – 171
PCV PBR 6 0.36 0.36 0.32 – 0.40 PBR 22 0.27 0.26 0.18 – 0.33
LP 5 0.38 0.38 0.33 – 0.42 MT 27 0.31 0.31 0.20 – 0.38
MT 11 0.40 0.42 0.34 – 0.44 LP 35 0.31 0.31 0.22 – 0.38
Buss 31 0.42 0.42 0.34 – 0.48
Hct LP 5 0.37 0.38 0.31 – 0.43 PBR 22 0.28 0.27 0.21 – 0.33
PBR 6 0.38 0.37 0.34 – 0.44 MT 27 0.32 0.32 0.22 – 0.38
MT 11 0.39 0.40 0.33 – 0.44 LP 35 0.33 0.33 0.25 – 0.45
Buss 35 0.41 0.41 0.34 – 0.48
Alb PBR 6 40 41 37 – 43 PBR 22 32 31 27 – 40
MT 12 42 43 37 – 47 MT 29 35 34 31 – 41
LP 5 43 42 37 – 48 LP 39 37 37 32 – 45
Buss 36 44 44 37 – 49
Bili PBR 6 12.4 12.3 10.7 – 14.0
MT 13 14.3 13.1 6.6 – 23.7
LP 5 15.2 12.2 6.5 – 31.0
Buss 36 16.0 16.1 7.0 – 33.4
Neut MT 27 1.09 1.01 0.45 – 1.89
PBR 22 1.20 1.07 0.31 – 2.76
LP 35 1.64 1.32 0.58 – 5.04
ALT PBR 23 43 43 22 – 69
MT 29 51 51 25 – 89
LP 38 61 60 37 – 92
Chol LP 39 3.4 3.2 2.1 – 6.5
MT 29 3.9 3.8 2.4 – 5.9
PBR 21 4.1 4.0 2.8 – 6.2
Glob LP 39 22.0 22.1 7.8 – 32.1
MT 29 24.2 23.8 16.4 – 33.0
PBR 21 27.1 25.8 19.2 – 34.0
Table 3.8 Haematological and serum biochemical summary statistics for variables from P. 
occidentalis and T. vulpecula in my study that differed by field site. Site codes: Buss =
Busselton development sites, LP = Leschenault Peninsula, MT = Martin's Tank, PBR =
Preston Beach Rd. Field sites are sorted by mean value within each variable.
Range Range
T. vulpecula P. occidentalis
 
 
For P. occidentalis, red cell count, haemoglobin, packed cell volume, haematocrit and 
albumin  levels  were  all  significantly  higher  when  animals  were  at  the  Busselton 
development  sites  than  after  translocation  (Wald  tests,  =0.05;  see  also  Section 
3.3.1d).  Most  values  at  the  translocation  sites  were  slightly  higher  in  animals  at Chapter 3 – Health  
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Martin’s Tank than at Leschenault Peninsula or Preston Beach Rd, but differences were 
not  significant  at  the  =0.05  level.  Bilirubin  levels  were  highest  at  Busselton  and 
lowest at Preston Beach Rd, but ranged widely at all sites.  
For T. vulpecula, red cell count, haemoglobin, packed cell volume, haematocrit and 
albumin  levels  were  lower  at  Preston  Beach  Rd  compared  to  Martin’s  Tank  and 
Leschenault  Peninsula  (Wald  tests,  =0.05).  At  Leschenault  Peninsula,  T. vulpecula 
had higher ALT levels than at the other two sites and higher neutrophil counts than at 
Martin’s Tank (Wald tests,  =0.05). Cholesterol and globulin levels were lowest at 
Leschenault Peninsula, but ranged widely at all three sites.  
Seasonal  variation  in  some  parameters  was  observed  for  T. vulpecula  (Wald  tests, 
=0.05); however, the sampling design was not designed for this purpose, so results 
should  be  interpreted  with  caution.  Most  sampling  was  carried  out  in  spring  and 
autumn, and only one season (autumn) was replicated. Platelet counts were higher in 
winter/spring  than  summer/autumn.  Cholesterol  was  highest  in  summer,  and 
creatinine highest in autumn. Urea was lower in autumn/winter than spring/summer. 
No details of the results are shown, for the same reasons as before (Section 3.3.1b).  
d) Pre- versus post-translocation P. occidentalis data 
Haematological  and  serum  biochemical  data  from  P. occidentalis  obtained  prior  to 
translocation (Busselton animals, both wild and captive but excluding juveniles) were 
compared to data obtained from the same individual animals after translocation (at 
the  three  field  sites  combined).  More  than  one  post-translocation  sample  was 
obtained  for  some  individuals.  Variables  that  differed  between  the  two  sampling 
categories are shown in Table 3.9.  
The P. occidentalis analysed to produce the data in Table 3.9 included only individuals 
that survived long enough to provide one or more post-translocation samples (i.e. 5 
months or longer). Only 19 such animals existed. When pre-translocation samples from 
all  P. occidentalis  (both  survivors  and  non-survivors)  were  compared  to  the  post-
translocation  data,  a  smaller  set  of  variables  showed  pre-  vs.  post-translocation 
differences. These variables were mostly a subset of those in Table 3.9, suggesting that Chapter 3 – Health  
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the observed differences were mainly a function of animal location (Busselton versus 
the translocation sites; see previous section) rather than predisposing health-related 
factors affecting survival on an individual basis post-translocation. The only additional 
variable to those in Table 3.9 that showed pre- vs. post-translocation differences when 
all pre-translocation animals were included was urea (Wald statistic = 9.84, P =0.002, n 
= 87, pre-translocation mean = 4.63, post- translocation mean = 6.05).  
 
 
Variable Occasion N Mean Median Wald χ2 Prob > χ2
* RBC Pre 18 5.70 5.64 4.87 – 6.59
Post 23 5.11 5.21 2.89 – 6.17
Hgb Pre 18 146 146 121 – 169
Post 23 134 134 86 – 159
* Hct Pre 18 0.43 0.43 0.35 – 0.54
Post 23 0.38 0.38 0.21 – 0.44
PCV Pre 17 0.42 0.42 0.34 – 0.50
Post 23 0.38 0.38 0.20 – 0.44
* Neut Pre 18 1.36 1.47 0.67 – 2.39
Post 23 1.87 1.66 0.69 – 4.97
* CK Pre 19 6419 3774 1363 – >20000
Post 25 8200 6861 2292 – >20000
Gluc Pre 19 6.5 5.8 3.4 – 11.8
Post 25 5.4 5.6 2.0 – 8.3
* Alb  Pre 19 44 44 39 – 49
Post 25 41 42 27 – 48
* Glob Pre 19 13 13 8 – 19
Post 25 16 16 8 – 37
* Alb:Glob Pre 19 3.6 3.3 2.5 – 5.5
Post 25 2.8 2.7 0.7 – 5.4
Table 3.9 Pre-and post-translocation summary statistics for parameters that varied
between the two sampling categories (Wald tests, α=0.05). Only P. occidentalis that
survived long enough to provide data at both occasions were used. 
* Parameters that also showed pre- vs. post-translocation differences when all pre-translocation P. 
occidentalis were included in the analysis (see text)
0.007 7.33
9.01 0.003
4.54 0.033
4.97 0.026
3.95 0.047
0.041 4.17
13.61 0.000
11.05
Range
10.93 0.001
8.23 0.004
0.001
 
 
Two-tailed t-tests between sub-groups, from the entire pre-translocation data set only, 
of animals that either went on to die (within 5 months) or survive (for 5 months or 
more) showed no significant differences between the two groups for any variable 
( =0.05). Confidence intervals for the differences between mean parameter levels for 
these two groups of P. occidentalis are shown in Fig. 3.2.  Chapter 3 – Health  
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Figure 3.2 Confidence intervals for the differences between pre-translocation mean 
parameter levels for P. occidentalis that died within 5 months of translocation (NS) and 
those that survived longer than 5 months (S). Data are sorted left to right by mean 
difference.  
 
All confidence intervals included zero, but only by a small margin in the cases of urea, 
lymphocytes, WBC and ALP. A mark-recapture modelling approach was also carried out 
to determine which of a suite of variables (including some of these health parameters) 
most influenced survivorship; this is described in detail in Chapter 5.  
3.3.2 Infectious diseases  
a) Toxoplasmosis 
Ninety-nine and 95 serum samples from P. occidentalis and T. vulpecula, respectively, 
were  tested  for  antibodies  to  T.  gondii  using  direct  agglutination  tests  (DAT)  and 
modified agglutination tests (MAT). Some individual animals were tested on more than 
one occasion, at least 3 months apart. All T. vulpecula samples were negative on both 
the DAT and the MAT, suggesting that infection rates of this species at Leschenault 
Peninsula, Martin’s Tank and Preston Beach Rd are low or negligible. All P. occidentalis Chapter 3 – Health  
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samples  were  negative  on  the  MAT;  however,  three  samples  (from  two  different 
individual P. occidentalis) gave mild positive reactions to the DAT. Both P. occidentalis 
originated from a development site in Busselton where exposure to cats was possible. 
One, female PoF205, was only sampled once (prior to translocation) and survived for 3 
months post-translocation without apparent signs of illness before being killed by a 
fox. Her DAT titre was 1/64, which is considered marginal. The other, male PoM157, 
showed DAT titres of 1/256 on two sampling occasions, one prior to translocation and 
one 4.5 months later. No signs of illness were apparent on either occasion.  
In both the above cases there was no evidence of seroconversion (i.e. MAT was -ve) 
which means that the +ve DAT was due to either early stage infection or reaction to 
non-specific immunoglobulin (Desmonts and Remington 1980). Neither animal showed 
subsequent signs of illness and the MAT status of PoM157 remained –ve; therefore 
reaction to non-specific immunoglobulin is the most likely reason for the +ve DAT 
titres in these animals.  
b) Leptospirosis 
Eighty-nine serum samples from P. occidentalis and 89 from T. vulpecula were tested 
for antibodies to a variety of serovars of L. interrogans. No possums of either species 
tested positive to any of the serovars listed in Table 2.13 in Chapter 2. These results 
indicate that possums at Busselton, Leschenault Peninsula, Martin’s Tank and Preston 
Beach Rd are unlikely to suffer from or carry leptospirosis.  
c) Cryptococcosis 
Eighty-four and 92 serum samples from P. occidentalis and T. vulpecula, respectively, 
were tested for antigen of serovars of C. neoformans and C. gattii. All, except one 
T. vulpecula sample from Martin’s Tank, were negative for cryptococcal antigen. The 
positive T. vulpecula, TvF007, had a low titre of 1/8. This is consistent with subclinical 
infection (Krockenberger et al. 2002a, Krockenberger et al. 2003, Malik et al. 1999), 
most likely due to C. gattii, as this organism can be found in association with tuart 
trees (Pfeiffer and Ellis 1997). This animal was sampled on two further occasions, after Chapter 3 – Health  
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10 and 14 months, and returned negative results on both occasions. She was in poor 
body condition on her second sampling occasion, but had improved again by the third.  
d) Chlamydiosis 
Polymerase chain reaction (PCR) detection of Chlamydophila spp. was carried out on 
95 and 97 sets of mucosal swabs from P. occidentalis and T. vulpecula, respectively. No 
chlamydial DNA on swabs from either possum species was amplified. Results indicate, 
therefore, that infection rates of P. occidentalis and T. vulpecula at the study sites with 
Chlamydophila spp. are currently low or negligible.  
3.3.3 Urinalysis 
Sixty-two and 54 urine samples were collected from P. occidentalis and T. vulpecula, 
respectively, over the two year course of my study. Urine colour ranged from yellow, 
through amber to brown for both species, with the occasional green or red sample 
from T. vulpecula. Over half the samples showed some degree of turbidity; several 
samples from P. occidentalis were particularly turbid.  
Urine specific gravity averaged 1.04 (±0.01, range 1.01-1.08) for P. occidentalis and 
1.03 (±0.01, range 1.01-1.06) for T. vulpecula, and was not correlated with turbidity. 
Mean urine pH values were 6.86 (±0.96, range 5.0-8.5) and 7.63 (±0.97, range 5.0-8.5) 
for P. occidentalis and T. vulpecula, respectively. Trace, and occasionally greater, levels 
of protein were common in both species. Sperm were frequently seen in male urine.  
Presence of red or white blood cells in urine was rare, as was occurrence of bacteria. 
One male P. occidentalis, PoM156, had 10-20 red cells per high power field on his 
second post-translocation sampling occasion. Haematologically this animal was slightly 
anaemic compared to his previous two sampling occasions, and was also in poorer 
body  condition.  Unidentified  red  cell  parasites  and  fleas  were  noted,  and  cloacal 
microbiological  culture  produced  a  heavy  mixed  growth  of  alpha-haemolytic 
Streptococcus sp., Micrococcus/Staphylococcus sp., Bacillus sp., Enterococcus sp. and 
Escherichia coli. A male T. vulpecula, TvM028, had >50 red cells and 15 white cells per 
high power field in his urine; a few bacteria were also noted. This animal also showed Chapter 3 – Health  
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mild evidence of regenerative anaemia at the time. He was recaptured 13 months later 
in  good  body  condition  as  part  of  a  different  study  (P.  de  Tores  and  J.  Clarke, 
unpublished data). One other male T. vulpecula, TvM013, showed evidence of mild 
pyuria; however, no clinical signs of illness or other abnormalities were apparent.  
Crystals  were  commonly  found  in  the  urine  of  both  possum  species.  Eighty-nine 
percent of P. occidentalis urine samples and 67% of T. vulpecula samples contained 
crystals; male and female animals were equally represented. Calcium oxalate dihydrate 
crystals were most common in urine of both species (in 65% of samples with crystals), 
followed by Ca carbonate (30%), struvite (21%) and Ca oxalate monohydrate crystals 
(10%).  Amorphous  crystals  were  observed  more  often  in  P. occidentalis  than 
T. vulpecula (27% vs. 6%), and bilirubin crystals were present in the urine of three 
female P. occidentalis (5%). Bladder stones were not palpable in any individual, and 
occurrence of crystals did not appear to be associated with any signs of clinical illness.  
3.3.4 Microbiology 
A variety of bacteria were isolated from cloacal swabs taken from P. occidentalis and 
T. vulpecula during health screening (Table 3.10). No Salmonella spp. were cultured 
from samples from either possum species. Mixed bacterial growths were common, and 
the degree of growth ranged from scanty to heavy. Bacteria were cultured from 96 of 
97  cloacal  swabs  from  T. vulpecula  (99%)  and  79  of  99  swabs  from  P. occidentalis 
(79%).  Bacterial  growth  tended  to  be  heavier,  on  average,  for  T. vulpecula  than 
P. occidentalis, and species composition of gastro-intestinal flora varied between the 
two possum species. Frequencies of occurrence of the various bacteria cultured from 
cloacal swabs are shown in Table 3.10 for both possum species.   
Streptococcus  spp.  were  most  commonly  isolated  from  P. occidentalis,  followed  by 
coryneform bacilli, E. coli and other coliforms, and Micrococcus and Staphylococcus 
species. Coliforms, including E. coli, were most commonly cultured from T. vulpecula 
swabs,  followed  by  coryneform  bacilli,  Enterococcus  spp.  and  alpha-haemolytic 
Streptococcus species. Proteus mirabilis was isolated from T. vulpecula but not from Chapter 3 – Health  
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P. occidentalis.  Pasteurella  and  Pseudomonas  spp.  were  occasionally  isolated  from 
P. occidentalis but were not cultured from swabs from any T. vulpecula.  
 
Bacterial species
Presence    
(% samples)
Median 
growth
Presence    
(% samples)
Median 
growth
 alpha-haemolytic Streptococcus spp. 40% moderate 10% heavy
 non-haemolytic Streptococcus spp. 14% light 1% moderate
 Streptococcus spp. 3% scanty
 Coryneform bacilli 29% moderate 16% heavy
 E. coli/ coliforms 19% light 84% heavy
 Enterococcus spp. 3% heavy 16% moderate
 Micrococcus / Staphylococcus spp. 17% light 4% moderate
 coagulase-neg Staphylococcus spp. 7% scanty
 coagulase-pos Staphylococcus spp./S. aureus 2% light
 non-haemolytic Staphylococcus spp. 2% light
 Enterobacter/ Klebsiella spp. 3% heavy 4% heavy
 Bacillus spp. 10% light 1% heavy
 Pasteurella spp. 4% light
 Pseudomonas spp. 2% moderate
 Serratia spp. 1% light 1% heavy
 Alcaligenes,  Aeromonas/ Burkholderia  spp. 1% heavy
 Proteus mirabilis 5% moderate
No culture 20% 1%
Total samples 99 97
Table 3.10 Frequency of occurrence of gastro-intestinal bacterial species cultured from
cloacal swabs taken from P. occidentalis and T. vulpecula. Some individual animals were
sampled more than once. Mixed cultures were frequently present.
P. occidentalis T. vulpecula
 
 
3.3.5 Parasites 
a) Microfilariae 
Microfilariae  of  unidentified  species  were  observed  in  blood  samples  from  eight 
individual P. occidentalis on a single sampling occasion each. Two of these possums 
were sampled more than once; presence of microfilariae may have been missed on 
some occasions (and in other samples), as it was not a particular focus of the study. 
Associated disease was not apparent. Although the microfilariae were not identified, 
peritoneal burdens of Breinlia sp., possibly B. pseudocheiri, have been observed as 
incidental findings at necropsy of P. occidentalis (Murdoch Veterinary Pathology and Chapter 3 – Health  
  147 
Veterinary Parasitology Departments, unpublished data). These parasites are filarids 
and  produce  microfilariae  as  part  of  their  life  cycle.  Their  pathogenic  potential  is 
unknown. No microfilariae were observed in the blood of T. vulpecula.  
b) Gastro-intestinal parasites 
Ninety-one faecal samples from P. occidentalis were examined for evidence of gastro-
intestinal  parasites.  Only  four  samples  returned  positive  results:  two  contained 
unidentified nematode eggs and larvae and two contained tapeworm eggs (Bertiella 
sp.). Three of these positive samples came from animals in care prior to translocation. 
One of the animals with  Bertiella sp. eggs was negative for endoparasites prior to 
translocation, positive on her first post-translocation sample, and negative again by 
the next sampling occasion. A tapeworm (Bertiella sp.) was found at necropsy in a fifth 
P. occidentalis that died two weeks after translocation (Chapter 4). No evidence of 
parasitism had been detected in this animal at the time of translocation. It is likely that 
gastro-intestinal parasites were present in a larger number of P. occidentalis but not 
detected in the samples available (Section 3.4.2).  
Evidence of gastro-intestinal parasitism was apparent in 44 out of 84 faecal samples 
from T. vulpecula (Table 3.11). A number of samples contained more than one parasite 
species. Unidentified Strongyle eggs, Parastrongyloides eggs and Coccidia oocysts were 
most commonly found, followed by Entamoeba species. Nematode larvae, Bertiella sp. 
eggs and Protospiura sp. eggs were occasionally observed. Although evidence of endo-
parasitism was not associated with obvious clinical illness, parasite presence/absence 
was  significantly  correlated  with  body  condition  for  both  possum  species  (Section 
3.3.7).  
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Endoparasite Freq %
Strongyle eggs 29 35%
Parastrongyloides eggs 5 6%
Coccidia oocysts 14 17%
Entamoeba spp. 6 7%
Protospirura eggs 1 1%
Nematode larvae 1 1%
Bertiella eggs 1 1%
Unidentified endoparasite eggs 4 5%
No endoparasites 40 48%
Total number of  T. vulpecula 84
Table 3.11 Frequency of occurrence of gastro-intestinal
parasites in faecal samples from T. vulpecula. More than one
parasite species was often found in an individual faecal
sample.
 
 
c) Ectoparasites 
Ectoparasites were collected from seven P. occidentalis during the health screening 
process, and from a further two at necropsy. Mites (Trichosurolaelaps sp.) were found 
on  five  possums,  fleas  (Choristopsylla  ochi)  on  four,  and  tick  larvae  (Amblyomma 
triguttatum) on one animal.  
Ectoparasites were more commonly observed on T. vulpecula, with samples collected 
from  28  animals.  Fleas  of  two  different  species,  C.  ochi  (two  animals)  and 
Echidnophaga myrmecobii (five animals) were found, and ticks (A. triguttatum) were 
removed from 15 possums. Trombliculid larvae were identified from skin scrapings 
(ears)  of  three  T. vulpecula,  and  mites  (Trichosurolaelaps  sp.)  collected  from  one 
animal.  Unidentified  ticks,  mites  and  fleas  were  present  in  six  samples.  Four 
T. vulpecula were carrying more than a single species of ectoparasite.  
Although animals from which ectoparasites were sampled were sometimes in poor 
body  condition,  there  was  no  statistically  significant  correlation  between  body 
condition and observed presence of ectoparasites. The size of ectoparasite burdens 
was not quantified; it is also likely that presence of light ectoparasite burdens were 
missed during the health screening process.  Chapter 3 – Health  
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3.3.6 Necropsied possums 
Although  most  P. occidentalis  that  were  health-screened  prior  to  translocation 
appeared clinically healthy and were thus included in the translocation program, five 
individuals  were  considered  unsuitable  for  release.  Two  wild-caught  juvenile 
P. occidentalis  were  considered  too  young  and  small  (<500g)  for  re-location  and, 
because their mothers were not with them at capture, they were put into care until 
they grew bigger. Unfortunately both these animals, apparently healthy at capture, 
became  ill  and  died  within  a few  days  of  entering  care.  Two  other  P. occidentalis, 
already in care, had injuries involving possible osteomyelitis; one (with a lower limb 
fracture) was euthanised, and the other (with a tail injury) was returned indefinitely 
into care at a wildlife refuge. The fifth possum was in care, recovering from burns to its 
feet, and was in poor body condition. It was returned to care to regain weight but died 
10  days  after  sampling.  None  of  the  haematological  or  serum  biochemical  data 
obtained  from  non-released  P. occidentalis  were  included  in  reference  range 
calculations.  
Necropsies  were  carried  out  on  the  three  P. occidentalis  that  died  prior  to 
translocation,  and  on  four  other  P. occidentalis  that  died  weeks  to  months  after 
translocation  from  causes  unrelated  to  predation  (Chapter  4).  The  two  juveniles 
showed identical symptoms of collapse, dehydration, stomach distension and death 
after  1-2  days  in  moribund  condition.  The  first  animal  to  die  showed  no  gross  or 
histopathological abnormalities apart from a distended stomach filled with pale tan 
soft  ingesta.  The  second  showed  evidence  of  septicaemia,  with  severe  bacterial 
proliferation lining the gastric mucosa and infiltrating the submucosa and sera. Acute, 
multifocal,  mild,  necrotising  hepatitis  and  interstitial  nephritis  were  also  present. 
Numerous  fine  bacilli  were  observed  in  these  organs.  Bacterial  culture  was  not 
performed and much of the proliferation was likely to have occurred post-mortem. 
The large numbers of bacteria lining the stomach may have indicated a primary enteric 
process  which  extended  to  peritonitis  and  then  septicaemia.  Microscopically  the 
bacteria  were  considered  too  small  for  most  Clostridia,  too  large  for  most Chapter 3 – Health  
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Enterobacteriaceae (E. coli, Klebsiella, Salmonella), but all these plus Arcanobacterium 
were possible candidates (S. Besier
8, personal communication).  
The P. occidentalis that died in care whilst recovering from burn injuries showed no 
gross or histopathological abnormalities apart from muscle mass loss. The possum had 
lost  300g  in  weight  during  the  10  days  between  health  screening  and  death.  The 
combination of stresses associated with bushfire burns and captivity, along with poor 
body condition, were considered sufficient reasons for the possum to have died.  
Necropsy  results  of  the  four  translocated  P. occidentalis  are  described  in  detail  in 
Chapter 4 (Section 4.4). In all cases, combinations of poor body condition, ecto- and 
endoparasitism, cold or wet weather and stresses associated with translocation were 
implicated. Salmonella houten was cultured from the lungs of one animal, but the role 
of this organism as a cause of death was unclear, especially as no evidence of systemic 
enterotoxaemia was present (G. Knowles
9, personal communication).  
3.3.7 Body condition 
Body condition was subjectively assessed during health screening and rated as poor, 
poor-fair, fair, fair-good, good or very good on a scale of 1-6. Head-body, head and pes 
measurements were recorded for most individuals (Section 2.2.3b in Chapter 2; data 
not shown). Log-log relationships of body mass against each morphometric variable 
are shown in Fig. 3.3. Model rankings for both species are shown in Table 3.12 and 
details of the top models for each species are shown in Table 3.13.  
Residuals from the top model for each species were used as body condition indices 
(BCI).  The  model  including  both  head-body  and  head  (HB_H  model)  was  used  to 
generate the P. occidentalis body condition index as it was ranked slightly higher than 
the head-body only (HB) model, and the residuals from it correlated more strongly 
with ranked subjective estimates of body condition (Spearman’s rho=0.340, p=0.0004, 
n=103) than those from the simpler model (Spearman’s rho=0.312, p=0.0013, n=103). 
                                                      
8 Veterinary pathologist, WA Dept. of Agriculture and Food 
9 Veterinary pathologist, Murdoch University Chapter 3 – Health  
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However, most of the variation was described by HB, so use of this model would be 
equally  valid.  Residuals  from  both  models  were  highly  correlated  with  each  other 
(r=0.977, p<0.0001). Body condition indices for T. vulpecula (residuals  from the HB 
model)  correlated  strongly  with  ranked  subjective  estimates  of  condition  (r=0.423, 
p<0.0001, n=95).  
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Figure  3.3  Relationships  between  body  mass  and  head-body,  head  and  pes 
measurements for P. occidentalis and T. vulpecula. Data are on the log-log scale and 
include captive and wild juvenile, sub-adult and adult P. occidentalis, and sub-adult 
and adult T. vulpecula. 
 
Model N ll(model) df AICc delta AICc Model N ll(model) df AICc delta AICc
HB_H 115 126.0 5 -238.4 0.0 HB 95 114.7 4 -219.2 0.0
HB 115 124.2 4 -238.1 0.3 HB_H 95 115.2 5 -216.8 2.4
HB_P 115 123.4 5 -233.3 5.1 HB_P 95 114.0 5 -214.4 4.8
S_HB 115 122.0 5 -230.4 8.0 S_HB 95 112.1 5 -210.6 8.7
S_HB_H 115 123.6 6 -229.9 8.5 S_HB_H 95 112.3 6 -207.4 11.8
S_HB_P 115 121.3 6 -225.4 13.0 S_HB_P 95 111.3 6 -205.3 13.9
full 115 122.6 7 -223.7 14.7 full 95 111.6 7 -201.7 17.5
H_P 115 41.4 5 -69.2 169.2 H 95 88.8 4 -167.5 51.8
S_H_P 115 40.0 6 -62.8 175.6 H_P 95 90.2 5 -166.9 52.4
H 115 32.5 4 -54.8 183.6 S_H 95 87.2 5 -160.9 58.4
S_H 115 30.8 5 -48.0 190.4 S_H_P 95 88.2 6 -159.1 60.1
P 115 15.3 4 -20.4 218.0 S_P 95 65.6 5 -117.7 101.5
S_P 115 15.7 5 -17.8 220.6 P 95 63.3 4 -116.4 102.8
P. occidentalis T. vulpecula
Table 3.12 Mixed linear regression models of body mass against combinations of head-
body (HB), head (H), pes (P) lengths and sex (S) ranked by AICc. Top models (within 2 AICc) 
are highlighted for each species. All morphometric data were log transformed.
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Species Model Variable Coef. Std. Err. z P>z
P. occidentalis HB_H ln_HB 2.349 0.106 22.21 0.000 2.142 – 2.557
ln_head 0.417 0.181 2.30 0.021 0.062 – 0.771
_cons -8.722 0.501 -17.42 0.000 -9.703 – -7.741
P. occidentalis HB ln_HB 2.534 0.070 36.37 0.000 2.398 – 2.671
_cons -8.026 0.407 -19.70 0.000 -8.825 – -7.228
T. vulpecula HB ln_HB 2.571 0.166 15.45 0.000 2.245 – 2.897
_cons -8.112 1.003 -8.09 0.000 -10.078 – -6.147
Table 3.13 Mixed linear regression outputs for the HB_H and HB models for P. 
occidentalis, and the HB model for T. vulpecula.
95% Confidence Interval
 
 
Spearman’s rank correlations with Bonferroni corrections of subjective body condition 
ranking (S_Cond) and BCI with haematological and serum biochemical values were 
carried  out  for  both  possum  species  (Table  3.14).  For  P. occidentalis,  S_Cond  was 
positively  correlated  with  glucose  (p<0.001)  and  negatively  correlated  with  urea 
(p<0.05);  BCI  was  negatively  correlated  with  cholesterol  (P<0.1).  For  T. vulpecula, 
neither S_Cond nor BCI were significantly correlated with any haematological or serum 
biochemical variables (α<0.1).  
The  subjective  measure  of  body  condition  was  correlated  with  endoparasite 
presence/absence  for  both  possum  species  (ordered  logistic  regression, 
PseudoR
2=0.0354,  LR
2=5.40,  p>
2=0.020,  n=59  for   P. occidentalis; 
PseudoR
2=0.0278,  LR
2=7.18,  p>
2=0.007,  n=92  for   T. vulpecula).  Endoparasite 
presence  was  not  correlated  with  BCI  for  either  possum  species;  neither  was 
ectoparasite presence/absence correlated with either measure of body condition.  
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Variable S_Cond BCI S_Cond BCI
WBC 0.03 -0.01 0.06 0.10
RBC -0.04 0.01 0.29 0.05
Hgb -0.09 0.01 0.27 0.15
PCV 0.06 -0.03 0.32 0.17
Hct -0.07 0.03 0.22 0.15
Plt 0.00 -0.13 -0.08 -0.03
Neut -0.22 -0.14 0.08 0.13
Lymp 0.18 0.14 0.03 0.08
TPP -0.23 0.04 0.13 -0.03
Fib -0.19 -0.12 -0.03 -0.11
ALP 0.29 -0.31 0.01 0.04
ALT -0.35 -0.03 -0.21 -0.18
AST -0.35 -0.17 -0.21 -0.19
CK -0.35 -0.06 -0.01 -0.13
Alb -0.10 0.07 0.22 0.07
Bili -0.19 0.12 -0.16 -0.01
Ca -0.09 0.26 0.20 0.07
Chol -0.15 -0.38* 0.27 -0.08
Creat 0.21 0.22 0.22 0.22
Gluc 0.44*** -0.02 0.20 0.09
Prot -0.28 0.08 0.18 0.11
Phos 0.06 -0.26 0.19 -0.20
Urea -0.42** -0.17 0.00 -0.08
Glob -0.29 0.07 0.03 -0.02
Table 3.14 Spearman's correlation coefficients for variables
correlated with measures of body condition for P. occidentalis and 
T. vulpecula. ***significant to the α=0.001 level, **significant to the
α=0.05 level, *significant to the α=0.1 level. Bonferroni corrections
were used.
P. occidentalis T. vulpecula
 
 
3.3.8 Fecundity 
Of 27 female P. occidentalis carrying pouch young at the time of health screening, four 
were carrying twins; the remainder had single offspring. All T. vulpecula with pouch 
young had only single offspring. Totals of 32 out of 52 female P. occidentalis (62%) and 
21 out of 57 female T. vulpecula (37%) were either carrying young or lactating when 
health-screened.  
The numbers of offspring per possum are summarised for both species in Table 3.15. 
Offspring are designated as either pouch young or juveniles (the latter back-riding or 
accompanying  their  mothers).  Females  that  were  obviously  lactating  but  captured Chapter 3 – Health  
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without their offspring (one P. occidentalis, five T. vulpecula) were presumed to have a 
single  juvenile  young  each.  In  the  case  of  P. occidentalis,  the  offspring  had  been 
sighted during a recent radio-tracking event. Trichosurus vulpecula were captured in 
cage traps so it was common for the offspring to remain free and thus unobserved.  
Offspring  productivity  was  further  summarised  into  spring/summer  and 
autumn/winter frequencies (Fig. 3.4). Both possum species had greater numbers of 
pouch young in autumn/winter and more accompanying juveniles in spring/summer. 
Pseudocheirus occidentalis produced more pouch young than T. vulpecula, but raised a 
similar number of juveniles per year (last line of Table 3.15). Although informative, 
these  results  should  be  interpreted  with  caution,  as  sampling  was  not  evenly 
distributed over the months of the year, and the dataset is a combination of two years 
of irregularly-spaced sampling.  
 
Month
N females 
examined
Pouch 
young per 
female
Juvenile 
young per 
female
N females 
examined
Pouch 
young per 
female
Juvenile 
young per 
female
March 1 0 0 7 0.14 0
April
May 4 0.25 0.25 8 0.38 0.13
June 1 0 0
July 16 0.88 0
August 4 0.50 0.25
September
October 4 0.25 0.50 15 0.20 0.40
November 16 0.50 0.19 6 0.50 0.33
December 3 0.33 0 7 0 0.29
January 1 0 0
February 2 0 0.50 14 0 0
Total females 52 57
Annual productivity 1.04 0.31 0.41 0.30
P. occidentalis T. vulpecula
Table 3.15 Numbers of females examined, and offspring productivity in terms of pouch
young and juvenile offspring per female possum. Two P. occidentalis had a pouch young
and an accompanying juvenile simultaneously.
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Figure  3.4  Numbers  of  pouch  young  and  juvenile  offspring  per  female  possum  by 
season and species. Spring/summer is Sept-Feb and autumn/winter is Mar-Aug. 
 
3.4 DISCUSSION 
3.4.1 Haematology and biochemistry 
a) Outliers 
Most of the possums described in Section 3.3.1a with outlying data values showed few 
clinical  signs  other  than  poor  body  condition  or  heavy  parasite  burdens.  Only  the 
animal with a recent soft tissue injury was obviously clinically abnormal; the remainder 
lay  within  the  normal  range  of  health  that  one  would  expect  in  wild  marsupial 
populations. In most cases the animals went on to survive for some months or longer, 
indicating that their health status was not directly life-threatening. This contrasts with 
the P. occidentalis described in Section 3.3.6, which were not released into the wild 
because pre-release  health  screening  revealed  obvious  health  issues, and  indicates 
that the clinical examinations carried out were sufficient to detect obviously ill animals, 
even before lab results were obtained.  
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b) Reference ranges 
The haematological and serum biochemical reference ranges for wild P. occidentalis 
described in Section 3.3.1b are the most comprehensive to date for this genus. Some 
values  for  P.  peregrinus  have  been  published  (Presidente  1978,  1979a)  and 
summarised by Clark (2004) and Johnson and Hemsley (2008) but derive from small 
sample sizes of animals (n=6). Data for T. vulpecula are more readily available (Barnett 
et al. 1979a, 1979b, Fitzgerald et al. 1981, Presidente 1979b, Presidente and Correa 
1981, Wells et al. 2000) but pertain to animals in eastern Australia or New Zealand, 
rather than WA. Similar data for T. caninus have also been published (Barnett et al. 
1979a, 1979b, Viggers and Lindenmayer 1996), again for animals in eastern Australia. 
Data have generally been published as mean ± standard deviation, min-max ranges (for 
small sample sizes), or 0.05 and 0.95
 percentile ranges. No Gaussian tolerance intervals 
have been determined.  
The previously published min-max ranges of haematological and serum biochemical 
values for P. peregrinus (n=6) (Presidente 1979a) fit within the reference ranges for 
P. occidentalis in this study (Table 3.2), except for CK which was lower in P. peregrinus 
compared to wild P. occidentalis, and ALP which was higher in P. peregrinus than in 
P. occidentalis. The values for P. peregrinus were derived from wild-caught animals 
held in captivity, under halothane anaesthesia (Presidente 1979a). In my study captive 
P. occidentalis  tended  to  have  lower  CK  levels  than  wild  conspecifics  (Table  3.3), 
presumably due to some level of habituation to capture and handling. The difference 
in ALP values between the two species of ringtails is harder to explain; however, ALP 
values  vary  between  other  congeneric  possum  species  (e.g.  T. vulpecula  and  T. 
caninus)  (Presidente  1979b,  Viggers  and  Lindenmayer  1996,  this  study),  as  well  as 
widely within species, so the finding is likely to be a natural inter-specific difference.  
The ranges of haematological and serum biochemical values from T. vulpecula at my 
field sites did not differ greatly from those previously published for T. vulpecula in 
eastern Australia (Presidente 1978) and New Zealand (Fitzgerald et al. 1981, O'Keefe 
and Wickstrom 1998, Wells et al. 2000). Animals at my sites showed slightly lower red 
cell counts, haemoglobin and PCV compared to other studies; urea values were slightly Chapter 3 – Health  
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higher  and  white  cell  counts  slightly  lower.  These  differences  may  be  due  to 
environmental  differences  (e.g.  nutrients,  levels  of  antigenic  stimulation),  or 
genetically determined as a result of geographical separation. Densities of T. vulpecula 
populations are known to vary in relation to nutritional quality of vegetation (Efford 
2000, Kerle 1984); haematological parameters are likely to reflect this, as has been 
shown  for  other  marsupial  species  (Clark  and  Spencer  2006,  Stirrat  2003).  Many 
T. vulpecula  in  New  Zealand  and  Victoria  carry  antibodies  to  Leptospira  serovars 
(Cowan et al. 1991, Day et al. 1997b, Hathaway et al. 1978, Horner et al. 1996) and 
those in New Zealand commonly carry tuberculosis (Caley and Ramsey 2001, Paterson 
et al. 1995). Subclinical infections with organisms such as these may result in elevated 
white cell counts compared to T. vulpecula in south-west WA, which are apparently 
uninfected, at least by the agents tested for in this study.  
Age,  sex  and  lactation  effects  were  found  in  several  haematological  and  serum 
biochemical parameters of P. occidentalis (Table 3.4). Creatinine kinase levels were 
higher  in  non-lactating  females  than  males,  suggesting  perhaps  that  this  group  of 
animals is more susceptible to stress associated with capture and handling. Urea levels 
differed between lactating and non-lactating females, perhaps indicative of variation in 
nutritional status. Levels of ALP and phosphorus were higher in sub-adult than adult 
animals; age differences in these parameters are found in many animal species and are 
a function of increased levels of the bone isoenzyme of ALP in growing animals (Reiss 
et al. 2008, Willard and Tvedten 2004). Bilirubin levels were higher in adults than sub-
adults; the reason for this is unclear, but could be due to different degrees of fasting or 
differing levels of endoparasite-induced haemolysis. Clear evidence for either of these 
possibilities is, however, lacking.  
Sex  differences  in  AST  levels  were  found  and  CK  levels  varied  by  both  sex  and 
lactational status (see above). Levels of AST usually mimic those of CK when due to 
muscle trauma; however, in this case males showed higher AST values on average than 
females. The reason for this discrepancy is unclear and may be a spurious finding, as 
the range of values for both sexes is wide.  Chapter 3 – Health  
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Sex  and  lactation  effects  were  found  for  red  cell  counts,  albumin  and  urea.  Non-
lactating  females  had  lower  red  cell  counts  and  albumin  than  males  and  lactating 
females; this may have been partly an age effect, although age differences were not 
detected in males. Males had higher red cell counts than either group of females; sex 
differences  in  red  cell  counts  are  common  in  many  animal  species  (Barnett  et  al. 
1979a,  Clark  2004,  Presidente  and  Correa  1981,  Viggers  and  Lindenmayer  1996, 
Willard and Tvedten 2004). Lactating females had the highest albumin levels, which 
may have been partly a function of hydration status. Levels of urea in non-lactating 
females were higher than in males or lactating females. Urea levels are difficult to 
interpret  in  animals  that  do  not  show  concurrent  evidence  of  renal  disease  (e.g. 
increased creatinine), as the degree to which they reflect protein intake depends on 
the  energy  balance  of  the  animal.  Urea  values  generally  reflect  protein  intake  for 
healthy  animals  in  neutral  or  positive  energy  balance  (Stirrat  2003,  Viggers  et  al. 
1998a).  Those  in  negative  energy  balance,  however,  may  catabolise  their  muscle 
protein, leading to high blood urea levels, even when protein intake is low (Reiss et al. 
2008,  Viggers  et  al.  1998a,  Willard  and  Tvedten  2004).  Given  the  lack  of  sex  and 
lactation differences in glucose levels, it is most likely that the observed difference in 
urea  levels  between  the  three  groups  is  a  result  of  differing  protein  intake  and 
nitrogen balance.  
Values for captive P. occidentalis of total serum protein, fibrinogen, neutrophil count, 
ALT,  AST,  CK,  bilirubin, cholesterol,  protein,  urea  and  globulin  were  all  lower  than 
those of wild P. occidentalis, while ALP and glucose values were higher. Nutritional 
factors may explain most of these differences. Captive P. occidentalis have little choice 
of  foliage  quality  and  are  thus  likely  to  have  diets  lower  in  protein  and  available 
nitrogen, resulting in lower values for protein and nitrogen breakdown products in 
their  blood.  Their  diets  are  often  supplemented  with  fruit  and  flowers,  which  will 
increase their blood glucose levels compared to wild possums. Enzymes that tend to 
be elevated during stressful events include AST and CK (Jain 1993); wild P. occidentalis 
are likely to produce higher levels of these following capture and handling than captive 
individuals that may be more used to people. Similar differences in AST, CK, bilirubin, 
urea  and  globulin  were  found  between  captive  and  wild  populations  of  Gilbert’s Chapter 3 – Health  
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potoroos (Vaughan et al. 2007). Causes for the observed differences in fibrinogen, 
neutrophil counts and ALP levels are more obscure.  
c) Species differences 
Most  haematological  and  serum  biochemical  parameters  studied  differed  between 
P. occidentalis  and  T. vulpecula.  This  reinforces  the  need  for  establishment  of 
reference ranges for both species, as values for one cannot be used as references for 
the other. It is intended that the T. vulpecula data used here will be combined with 
data collected by Grimm (in prep) to generate a larger sample from which to derive 
reference ranges for T. vulpecula in coastal south-west WA.  
That the two  species  differ  is not  surprising  considering  their  different  physiology, 
dietary  preferences  and  behaviour.  Ringtail  possums  are  specialist,  coprophagic 
folivores,  utilising  hind-gut  (caecal)  microbial  fermentation  (Chilcott  1984,  Hume 
2004). Brushtail possums have a less specialised digestive system utilising both the 
caecum and the colon, are not coprophagic and are more generalist in their dietary 
preferences  (How  and  Hillcox  2000,  Hume  2004,  Kerle  2001).  In  WA,  T. vulpecula 
occupy a wider range of habitats than P. occidentalis, are less restricted to the arboreal 
lifestyle and, being bigger and more generalist in their food requirements, have less 
need to conserve energy.  
d) Site differences 
Site  differences  in  red  cell  counts,  haemoglobin,  albumin,  urea  and  globulin  were 
found within the P. occidentalis reference range data set (Table 3.6). Values for red cell 
counts,  haemoglobin  and  albumin  were  all  lowest  at  TFNP,  next  lowest  at  the 
translocation sites, higher at Gelorup and highest at the Busselton development sites. 
These  differences  are  likely  to  represent  variations  in  habitat  quality  and  foliage 
nutritional status, as has been observed for other species of marsupials (Clark 2004, 
Clark and Spencer 2006, Stirrat 2003). Population densities of P. occidentalis were high 
at the development sites which are located in a region considered as prime habitat for 
P. occidentalis (de Tores et al. 2004, Jones et al. 1994b). Density differences between 
TFNP and Gelorup are being studied by Grimm (in prep); P. occidentalis densities at the Chapter 3 – Health  
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translocation sites are lower than those reported for elsewhere (Jones et al. 1994a, 
Chapter 7).  
Levels of urea and globulin were lower at Busselton and the translocation sites than at 
TFNP and Gelorup. The variation in urea levels could represent lower protein intake at 
the  former  sites  compared  to  the  latter;  alternatively  P. occidentalis  at  TFNP  and 
Gelorup could be in negative energy balance and showing higher urea values as a 
result  of  muscle  protein  catabolism.  Glucose  levels  at  the  four  sites,  although  not 
significantly different statistically, followed the reverse pattern to urea, which provides 
some support for the latter argument. Body condition assessments, however, did not 
differ  among  sites,  but  were  made  by  two  different  people  and  could  thus  be 
unreliable. The reason for the site differences in globulin levels is unknown.  
Slight  differences  among  translocation  sites  in  red  cell  counts,  haemoglobin, 
haematocrit, packed cell volume and albumin were found for both P. occidentalis and 
T. vulpecula (Table 3.8). These differences, if related to habitat quality, indicate that 
Martin’s  Tank  may  be  the  translocation  site  of  highest  quality  for  P. occidentalis 
(although not as good as their site of origin in Busselton). For T. vulpecula, Preston 
Beach  Road  appears  to  be  of  lower  quality  than  Martin’s  Tank  or  Leschenault 
Peninsula.  The  relevance  of  the  other  site  differences  observed  (bilirubin  for 
P. occidentalis; neutrophils, ALT and globulin for T. vulpecula) is obscure.  
e) Pre- vs. post-translocation differences  
Pre-  vs.  post-translocation  differences  were  found  in  a  number  of  parameters  for 
P. occidentalis that survived long enough to provide post-translocation samples (Table 
3.9). When the entire set of pre-translocation animals was included in the analysis, 
most  of  these  parameters  still  showed  differences.  Red  cell  counts,  haemoglobin, 
haematocrit,  packed  cell  volume,  glucose  and  albumin  were  all  lower  after 
translocation  than  before.  These  changes  are  again  likely  to  reflect  differences  in 
habitat quality or nutrient intake between the translocation sites and the sites of origin 
in  Busselton.  Neutrophil  counts,  CK  and  globulin  were  slightly  higher  after 
translocation then before, possibly indicative of higher levels of stress. Urea levels 
differed slightly between groups of pre-translocation animals that died shortly after Chapter 3 – Health  
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translocation  compared  to  those  that  lived  for  five  months  or  longer.  The  non-
survivors had lower urea levels than the survivors, perhaps indicative of lower protein 
intake. Lymphocyte counts were lower in survivors than non-survivors, although the 
difference  was  not  statistically  significant.  This  variable  did,  however,  correlate 
strongly  with  the  duration  of  post-translocation  survival  when  included  in  mark-
recapture analyses (Chapter 5).  
3.4.2 Infectious diseases and pathogens 
a) Infectious diseases 
None  of  the  possums  tested  in  this  study  showed  any  evidence  of  infection  with 
Leptospira  or  Chlamydophila  spp.  Neither  was  infection  with  T.  gondii  detected; 
evidence suggested that the two low +ve DAT titres were most likely due to cross-
reaction with non-specific immunoglobulin (Section 3.3.2a). One female T. vulpecula 
tested positive for Cryptococcus antigen on the first of three occasions on which she 
was  sampled;  her  titre  was  low  and  subsequent  samples  negative,  indicative  of  a 
limited  focus  of  tissue  invasion  that  was  overcome  by  host  defences  (M. 
Krockenberger
10, personal communication). This single positive result provides the first 
evidence of subclinical infection by  C.  gattii  in  possums  in  south-west  WA,  to  my 
knowledge, and corroborates the probable association between this fungus and tuart 
trees (Pfeiffer and Ellis 1997, Sorrell 2001).  
The consistently low or null detection rates of the four infectious diseases tested for 
indicates that the health and survival of possums in this region of south-west WA are 
not adversely affected by infection with these diseases, and that transmission of the 
causal organisms between translocated and resident individuals is not a risk factor for 
either. There is no evidence that translocation success is currently limited by presence 
of these particular diseases, or that disease is limiting population growth. There is the 
possibility that occasional subclinical infections with C. gattii may reduce reproductive 
                                                      
10 Senior Lecturer in Veterinary Pathology, University of Sydney Chapter 3 – Health  
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output in T. vulpecula; the animal with the low titre in this study was in poor condition 
and non-breeding. However, it is more likely that other factors (e.g. parasites) were 
primarily  responsible,  and  that  the  mild  cryptococcal  infection  was  subsequent  to 
immunosuppression due to parasitism and poor body condition, rather than the other 
way around.  
All four infectious diseases have been detected in possum species elsewhere, and are 
known  to  cause  death,  debilitation  or  reduced  fecundity  in  marsupial  species  (see 
Chapter 1 for detailed discussion). Infection with T. gondii usually occurs via ingestion 
of  oocysts  from  cat  faeces,  and  is  thus  more  likely  to  affect  T. vulpecula  than 
P. occidentalis, as the former spend more time foraging on the ground. Disease and 
death  associated  with  T.  gondii  infection  have  been  recorded  occasionally  in 
T. vulpecula  in  other  states  (Canfield  et  al.  1990,  Obendorf  and  Munday  1983, 
Obendorf et al. 1996), and also in the occasional P. peregrinus (Johnson and Hemsley 
2008). Serological evidence of infection in both species has been demonstrated and a 
subclinical carrier status appears to exist in T. vulpecula (Eymann et al. 2006, Hill et al. 
2008).  Toxoplasmosis  was  confirmed  in  a  single  P. occidentalis  recruited  to  the 
translocated population at White Hills Rd (Yalgorup) in the years preceding my study 
(de Tores 2005), indicating that P. occidentalis are at risk if exposed to infected cat 
faeces. Toxoplasmosis is prevalent in cats in southern WA (Jakob-Hoff and Dunsmore 
1983); however, it appears not to be a current health issue for possums in the sites 
studied here.  
Infection with L. balcanica and L. hardjo serovars is common in T. vulpecula in New 
Zealand and south-eastern Australia (Durfee and Presidente 1979a, Hathaway et al. 
1978, Milner et al. 1981). Disease is usually sub-clinical, but interstitial nephritis is 
often present (Durfee and Presidente 1979b) and loss of body condition is possible in 
situations where stress is a contributing factor (Day et al. 1997a). Leptospira serovars 
have been demonstrated in domestic stock in WA but few wildlife surveys have been 
carried out in this state. The results of this study indicate prevalence in possums from 
the study sites examined is currently zero or low.  Chapter 3 – Health  
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Cryptococcosis,  due  usually  to  infection  with  C.  gattii,  has  been  recorded  from  a 
number of wildlife species but is most commonly seen in koalas (Krockenberger et al. 
2005). This is because of the close association between C. gattii and particular species 
of  Eucalyptus,  especially  E.  camaldulensis  and  E.  tereticornis,  which  are  preferred 
forage species for koalas (Ellis and Pfeiffer 1990, Krockenberger et al. 2002b). C. gattii 
has also been found associated with tuart trees (Pfeiffer and Ellis 1997); therefore 
hollow-dwelling  marsupials  such  as  possums  could  be  expected  to  be  at  risk  of 
infection. Infection usually follows nasal colonisation and frequently remains quiescent 
or resolves unless activated by other diseases or stress. My study supports the findings 
of Johnson and Hemsley (2008) that possums rarely harbour cryptococcal antigen.  
Chlamydophila spp. are obligatory intracellular Gram negative coccoid bacteria capable 
of infecting mammalian, reptilian and amphibian hosts and causing a variety of disease 
syndromes including keratoconjunctivitis, urogenital disease, respiratory disease and 
abortion (Bodetti et al. 2002a, Brown et al. 1987).  Disease in marsupials is mainly 
restricted to the koala, in which urogenital and ocular symptoms are common (Timms 
2005, Whittington 2001). A carrier status is common, and clinical disease is usually 
associated  with  stress,  particularly  habitat  fragmentation  and  crowding  (Augustine 
1998, Weigler et al. 1988). In recent years PCR-based wildlife surveys have reported an 
increase in host range; the only possum species in which chlamydial DNA has so far 
been recorded is the mountain brushtail possum (Bodetti et al. 2003). Apart from the 
koala, clinical disease has been recorded only in the greater glider and the western 
barred bandicoot (Bodetti et al. 2003, Kumar et al. 2007, Warren et al. 2005). Possums 
in my study sites currently appear to be uninfected.  
Other infectious diseases such as Q-fever, Ross River virus and tuberculosis can be 
carried by marsupials (Presidente 1984); tuberculosis is a particular public health issue 
in New Zealand where carrier status in T. vulpecula is common (Caley and Ramsey 
2001,  Paterson  et  al.  1995).  Tuberculosis  and  Q-fever  infections  have  not  been 
detected  in  southern  Australian  T. vulpecula,  although  possums  are  susceptible  to 
infection (Presidente 1984). Surveys for Ross River virus in Western Australian wildlife 
are currently underway (A. Bestall, unpublished data) but results not yet available.  Chapter 3 – Health  
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This study is the first comprehensive survey for evidence of exposure to  T. gondii, 
Leptospira,  Cryptococcus  and  Chlamydophila  in  possums  in  south-west  WA.  The 
generally negative findings are encouraging for wildlife conservation and translocation 
success, as there appears little likelihood of activation of latent disease by the stress 
associated  with  re-location  and  introduction  of  possums.  However,  the  lack  of 
evidence of exposure to these pathogens indicates that possums in this region may be 
particularly susceptible to new introductions of these and other diseases to which they 
may not have been previously exposed. This emphasises the need for vigilance and the 
value of continued surveillance of wildlife health, particularly in regard to management 
of threatened species.  
b) Urinalysis and microbiology 
Urinalysis revealed some incidental evidence of sub-clinical illness (white blood cells, 
bacteria) in both possum species (Section 3.3.3) but no clinical illness of note. Crystals 
were  common  in  the  urine  of  both  species  and  may  indicate  a  predisposition  to 
urolithiasis in possums. Both struvite crystals (ammonium magnesium phosphate) and 
Ca oxalate crystals are associated with urolithiasis in dogs and cats; the former often 
due to presence of urease producing bacteria (Willard and Tvedten 2004). Bladder 
stones  have  been  found  in  P. occidentalis  undergoing  rehabilitation  and  can  be 
associated  with  illness  and  failure  to  thrive  (U.  Wicke  and  F.  Bradshaw  personal 
communications). However, the causal factors leading to progression from crystals to 
stones whilst in care are poorly understood; the circumstances leading to development 
of this illness are worthy of further investigation.  
The variety of gastro-enteric bacteria cultured from cloacal swabs was not considered 
unusual  and  none  appeared  associated  with  signs  of  disease.  Although  several 
serotypes of S. typhimurium have been isolated from free-ranging possums in other 
locations (Johnson and Hemsley 2008, Presidente 1984), Salmonella spp. were absent 
in cultures from cloacal swabs of animals in this study. Both S. typhimurium and E. coli 
have been known to cause severe gastro-enteritis and septicaemia in captive juvenile 
P.  peregrinus;  development  of  clinical  disease  is  believed  to  occur  due  to 
immunosuppression associated with recent capture, overcrowding and hypothermia Chapter 3 – Health  
  165 
(Johnson and Hemsley 2008). An asymptomatic carrier status for Salmonella spp. can 
exist in free-ranging possums; this could be expected to develop into clinical disease 
under the stress of translocation in some animals. It is therefore encouraging to know 
that the carrier rate for Salmonella spp. in possums in south-west WA appears to be 
low  or  negligible.  These  findings  also  suggest  that  the  zoonotic  risk  of  Salmonella 
transmission from possums to humans is low.  
c) Parasites 
Most  of  the  endo-  and  ectoparasites  identified  in  this  study  have  previously  been 
described in possums elsewhere (Cowan et al. 2000, Owen 2007, Presidente 1984, 
Viggers et al. 1998b). The particular species of nematode larvae and Bertiella cestodes 
observed in P. occidentalis samples were not identified but are unlikely to be new. 
Bertiella  trichosuri  are  commonly  found  in  T. vulpecula,  as  are  various  species  of 
nematode (Presidente 1984, Viggers et al. 1998b). Previously described ectoparasites 
in Australian T. vulpecula include 18 species of mite, 12 species of tick and 10 species 
of flea (Owen 2007, Presidente 1984, Viggers et al. 1998b). Only mites (4 species) are 
found on T. vulpecula in New Zealand (Presidente 1984, Viggers et al. 1998b).  
Microfilariae of Breinlia trichosuri have been described previously in T. vulpecula and  
T.  caninus,  and  microfilariae  of  Sprattia  venacavincola  are  found  in  T.  caninus 
(Presidente 1984, Viggers et al. 1998b). However, no such microfilariae were observed 
in  T. vulpecula  in  my  study.  Microfilariae,  considered  likely  to  be  those  of  
B.  pseudocheiri,  were  observed  in  a  number  of  peripheral  blood  smears  from 
P. occidentalis, and adult Breinlia sp. were seen at necropsy in the peritoneal cavity of 
an  animal  from  another  study  Grimm  (in  prep).  In  T. vulpecula,  heavy  burdens  of  
B. trichosuri may result in peritonitis (Presidente 1984); whether this is also the case in 
ringtail possums is unknown.  
Both  endo-and  ecto-parasites  were  observed  more  commonly  in  T. vulpecula  than 
P. occidentalis in this study. However, search effort for ectoparasites was not high, so it 
is possible that low burdens were missed on some sampling occasions. Endoparasites 
may  be  less  frequently  detected  in  faecal  samples  from  P. occidentalis  than 
T. vulpecula because collectable faecal pellets from P. occidentalis contain indigestible Chapter 3 – Health  
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material  that  has  been  selectively  passed  through  the  digestive  system  during  the 
night.  Ringtail  possums  are  coprophagic  and  eat  soft  faecal  pellets  during  the  day 
(Hume 2004). It is possible that endoparasite eggs and larvae are more likely to be 
found  in  these  pellets  than  in  the  harder  ones  collected.  On  the  other  hand, 
T. vulpecula forage on the ground more often than P. occidentalis and may therefore 
be more susceptible to ingestion of endoparasites. If so, the observed inter-specific 
differences in parasite detection may represent real differences in infection rates.  
In only a few cases were parasite burdens obviously linked with ill health in possums. 
Low  red  cell  counts  and  haemoglobin  levels  were  observed  in  a  few animals  with 
ectoparasites, and parasites were observed in or on most of the P. occidentalis that 
died in poor body condition post-translocation (Chapter 4). Presence of endoparasites 
was correlated with subjective measures of body condition in both species. Parasites 
are well known to contribute to poor health in stressed or otherwise ill animals, so the 
association of endoparasitism with body condition is not unusual. However, subtle 
effects of parasites on survival and reproduction should not be overlooked and have 
been demonstrated in other studies (Alzaga et al. 2008, Holmstad et al. 2007, Hudson 
et al. 1998, Ives and Murray 1997, Murray et al. 1998, Pedersen and Greives 2008). The 
stresses associated with translocation can be expected to compound any low-level 
effects  of  parasitism,  with  possible  deleterious  consequences.  Pre-translocation 
treatment of animals with anthelmintics such as ivermectin is worthy of consideration 
if  parasite  burdens  are  likely  to  be  significant,  or  when  infestation  with  multiple 
parasite species occurs. Although this did not seem to be the case for P. occidentalis in 
this  study,  an  experimental  trial  could  be  worthwhile  if  translocation  of  displaced 
P. occidentalis continues to be carried out.  
Haemoparasites  were  not  identified  during  this  study,  but  were  not  specifically 
searched for. One genus of such parasites, Trypanosoma, has been found in a number 
of  wild  marsupial  species  in  Australia  (Averis  et  al.  2009,  Smith  et  al.  2008);  the 
pathogenic significance of which is largely unknown. A new species of Trypanosoma 
has  been  recently  isolated  from  declining  populations  of  woylies  in  the  southern 
forests of WA (Smith et al. 2008), and its pathogenic significance is a current focus of 
investigation (Smith et al. 2008, Wayne 2009, Wayne et al. 2007). Speculation that Chapter 3 – Health  
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such a vector-borne parasite species may have been involved in previous marsupial 
declines  in  WA  has  been  voiced  (Abbott  2006),  but  no  evidence  is  available. 
Pseudocheirus occidentalis are yet to be specifically investigated for trypanosomes in 
WA.  
3.4.3 Body condition, health and survival 
Both  subjective  assessments  of  body  condition  and  calculation  of  body  condition 
indices  (BCI)  can  be  affected  by  variability among  observers and  inconsistencies  in 
technique.  Subjective  assessment  was  likely  to  change  over  time  as  experience 
increased, and body measurements depended on how relaxed the animal was under 
anaesthesia. Body mass could also vary with gut content fill and thus affect the BCI, as 
found by Krebs and Singleton (1993). Thus the findings of this study with respect to 
relationships between body condition and other variables should be interpreted with 
caution.  
However, the few significant correlations between body condition and other variables 
observed in this study made biological sense. For P. occidentalis, subjective measures 
of body condition were positively correlated with glucose and negatively with urea at 
the time  of  measurement,  probably  reflecting  the  energy  balance  of  individuals  in 
differing  body  condition.  Cholesterol  was  negatively  correlated  with  BCI  in 
P. occidentalis, for reasons that are unclear. A similar relationship was found by Stirrat 
(2003) for agile wallabies (Macropus agilis), in which cholesterol levels were higher in a 
poor season than in a good year. Both possum species showed correlations between 
subjective measures of body condition and presence of endoparasites.  
Variation in body condition in otherwise healthy wild animals usually reflects their 
nutritional status and overall habitat quality. Animals in good condition are better able 
to resist the deleterious effects of stressors, such as infectious diseases, parasites or 
environmental  perturbations.  Translocation  is  a  particularly  stressful  activity,  and 
animals are more likely to be able to cope with the initial difficulties of finding food 
and shelter, avoiding predators and competing with other species if they have high 
levels of body reserves to start with. Body condition has been correlated with ability to Chapter 3 – Health  
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escape  predation  in  another  small  herbivore,  the  Iberian  hare  (Lepus  granatensis) 
(Alzaga et al. 2008). The majority of P. occidentalis examined in my study were judged 
to be in fair body condition or less; only a minority were considered to be in good 
condition. Their survival rates may therefore have been compromised by low body 
reserves,  as  well  as  the  obvious  issues  of  predation,  food  availability  and  possible 
competition.  
3.4.4 Fecundity 
Observations of lactation status, presence of pouch young and numbers of juvenile 
offspring were carried out during health screening. Although sampling was unevenly 
spaced over the study period, the results show that breeding occurs in autumn and 
spring for both species, with the biggest peak in autumn. This means that lactational 
demands of offspring are greatest in spring when foliage growth can be expected to be 
maximal.  This pattern  agrees  with  that previously  described  for  P. occidentalis  and 
T. vulpecula in coastal regions of south-western Australia (How and Hillcox 2000, Jones 
et al. 1994a).  
Numbers  of  pouch  young  per  female  observed  in  P. occidentalis  were  more  than 
double the numbers of pouch young per female T. vulpecula; however, numbers of 
juveniles per female were similar for both species (Fig. 3.4). This indicates a higher 
mortality rate of pre-weaning young in P. occidentalis than T. vulpecula. The incidence 
of twins in P. occidentalis helps offset this loss, but the overall lifetime fecundity of 
P. occidentalis is likely to be lower than that of T. vulpecula, as the latter are generally 
believed to live 1-2 years longer (Kerle 2001, Wayne et al. 2005c).  
Both possum species averaged 0.3 juveniles per female per year (Table 3.15). These 
values are derived from the three translocation sites combined for T. vulpecula and 
from  a  mixture  of  Busselton  and  the  translocation  sites  for  P. occidentalis.  The 
P. occidentalis values could be expected to be higher at Busselton and lower at the 
translocation sites, especially Leschenault Peninsula where mating opportunities were 
limited (Chapter 7).  Chapter 3 – Health  
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For an average annual offspring production of 0.3 possums reaching maturity, females 
would need to have an average breeding life of 6-7 years to replace themselves and 
their mates. This equates to an average annual survival rate of approximately 0.9 for 
populations to remain stable. Although this is a coarse calculation based on limited 
data, it does agree with the generally accepted lifespan of T. vulpecula. However, the 
annual survival rates estimated for T. vulpecula at the translocation sites in this study 
(Chapter 5) were lower than this (0.78), which suggests that the numbers of juveniles 
per female detected during health screening may underestimate actual fecundity given 
that T. vulpecula populations at these sites are stable or increasing (de Tores et al. 
2004, Chapter 7).  
Estimated annual survival rates for translocated P. occidentalis were much lower than 
the  required  0.9  (averaging  0.31  or  less,  see  Chapter  5),  indicating  that  their 
populations are unlikely to be viable unless true fecundity is higher than observations 
suggest and, even then, only if mortality rates can be reduced by management actions 
such as effective predator control or habitat enhancement. Similar conclusions were 
reached by Wayne et al. (2005c) for P. occidentalis populations in the southern jarrah 
forests  where  estimated  fecundity  and  survival  rates  also  predicted  population 
declines.  
Pseudocheirus  occidentalis  populations  in  the  greater  Busselton  region  (their  core 
habitat) are reported to be stable (Jones 2004) and, although annual survival rates and 
fecundity  statistics  are  unknown,  it  has  been  generally  assumed  that  values  are 
sufficiently high to maintain a viable metapopulation (Ellis and Jones 1992, Jones et al. 
1994a,  Jones  2004).  However,  surveys  are  sporadic  and  often  imprecise,  and 
population numbers are known to fluctuate within years due to the seasonality of 
rainfall  and  resultant  effects  on  nutrition,  as  well  as  to  the  presence  of  increased 
numbers  of  juvenile  animals  in  spring.  Thus  the  true  status  (stable  /  increasing  / 
decreasing) of the greater Busselton P. occidentalis population is, in reality, unknown 
and recent observations suggest that numbers may be declining at some high density 
sites (DEWHA 2009b).  Chapter 3 – Health  
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3.4.5 Health and translocation – summary 
Although the health screening results reported in this chapter did not indicate that 
translocation success is currently limited by specific diseases or unexpected health 
problems,  the  observed  differences  in  haematological  parameters  pre-  vs.  post-
translocation, and the site differences in these variables, suggest that habitat quality 
and nutritional deficiencies may be affecting the health of translocated P. occidentalis 
in a subtle manner. If so, subsequent deleterious effects on survival and reproductive 
capacity are likely. Complex ecological relationships between health, nutritional status 
and predation have been described for other species (Murray et al. 1998, Pedersen 
and Greives 2008), and environmental stochasticity complicates these issues (Gilpin 
and Soulé 1986, Lenormand et al. 2009).  
My home range analyses (Chapter 6) and population density surveys (Chapter 7) also 
point  towards  the  likelihood  that  habitat  quality  and/or  nutrient  intake  at  the 
translocation sites are lower than at the sites of origin in Busselton. Effects of poor 
habitat quality on translocated P. occidentalis may be exacerbated by high predation 
levels (Chapter 4), possible competition with resident T. vulpecula (Chapter 5) and the 
predicted effects from global warming. Even under optimal conditions, the stress of 
translocation  can  affect  health  and  immunity;  little  is  yet  known  about  the 
physiological  reactions  of  P. occidentalis  to  such  stress,  although  the  observed 
relationship between lymphocyte counts and survivorship (Chapter 5) indicates that 
health may be affected. Measurement of stress hormone levels (e.g. faecal cortisone) 
could  be  a  useful  adjunct  to  the  health  screening  process,  if  carefully  validated 
(Franceschini et al. 2008, Keay et al. 2006, Lane 2006, Palme 2005, Pinter-Wollman et 
al. 2009, Touma and Palme 2005), and measurements of nutrient levels of foliage at 
translocation sites and Busselton would help ascertain the quality of habitat at each 
location.  Retention  of  prime  habitat  in  the  Busselton  region  in  the  future  will  be 
particularly important if conditions at potential translocation sites are unsuitable for 
establishment of viable P. occidentalis populations.   
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Chapter 4:  
Causes of mortality 
4.1 INTRODUCTION 
Populations of many native Australian mammals have declined markedly over the two 
centuries since European settlement (Burbidge and McKenzie 1989, McKenzie et al. 
2007). Factors leading to these declines are legion, but in most cases include habitat 
degradation,  (due  to  land-clearing,  introduction  of  exotic  herbivores,  changed  fire 
regimes and increasing aridity) and the presence of exotic predators (foxes and cats) 
(Abbott 2002, Didham et al. 2005, Fisher et al. 2003, Maxwell et al. 1996, Morton 
1990, Recher and Lim 1990) (Section 1.1 in Chapter 1).  
Experiments have shown that population numbers of various marsupial species can 
respond positively to fox control (Kinnear et al. 1988, Kinnear et al. 2002, Short et al. 
1997). As a result, broad scale fox control measures have been introduced in many 
parts of WA (Bailey 1996, Possingham et al. 2004). Intensive fox control has enabled 
the recovery of threatened species (Kinnear et al. 2002, Morris et al. 2003) and helped 
improve translocation success of several marsupial species (Friend and Thomas 1994, 
2003, Mawson 2004, Morris 2000), particularly in combination with fencing (Gibson et 
al. 1994, Morris et al. 2004, Moseby and O'Donnell 2003, Richards and Short 2003, 
Short and Turner 2000).  
However, recent years have seen reversals of some of these species recoveries. Rapid 
declines of populations of woylies since 2002 (Wayne 2009, Wayne 2006, Wayne et al. 
2007) in sites baited for fox control have given rise to concern that feral cat predation 
may be on the increase in baited areas (de Tores et al. 2008b, Glen and Dickman 2005), 
due to the phenomenon of mesopredator release (Courchamp et al. 1999b, Crooks and 
Soulé 1999, Ritchie and Johnson 2009, Soulé et al. 1988). This hypothesis is currently 
under investigation (de Tores 2008b, de Tores et al. 2008b, de Tores and Marlow 2009, 
de Tores and Marlow in press, Glen 2008).  Chapter 4 – Causes of mortality  
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Translocation of P. occidentalis displaced by urban development has been advocated 
as a management strategy since 1991  (de Tores et al. 1998, de Tores et al. 2004) 
(Section  1.5  in  Chapter  1).  Although  the  program  was  initially  successful,  the 
translocated P. occidentalis population at one site, Leschenault Peninsula, suffered a 
severe decline between 1998 and 2002 for reasons that were unclear (de Tores et al. 
2005a, de Tores et al. 2005b, de Tores 2005). A change in the fox-baiting regime was 
considered the most parsimonious explanation for the decline (de Tores et al. 2004, de 
Tores  2005),  but  other  possible  factors  included  disease,  declining  habitat  quality, 
mesopredator  release  (of  cats  and  pythons),  prey  switching  from  the  previously 
abundant rabbit, and competition with T. vulpecula.  
The current study was undertaken to investigate possible factors, including the baiting 
regime, which may now be limiting the translocation success of coastal populations of 
P. occidentalis. The following sections of this chapter summarise the main causes of 
death  of  radio-collared  translocated  P. occidentalis  for  each  field  site,  and  provide 
details  of  the  findings  for  each  category  of  death.  Mortalities  of  radio-collared 
T. vulpecula are also described, and findings compared and contrasted with those from 
P. occidentalis. The difficulties of differentiating between species of toothed predator, 
and between predation and scavenging, are reported. The significance of the overall 
findings in relation to translocation success is discussed within an ecological context.  
4.1.1 Aims 
The main aims of the study reported in this chapter were:  
i)  to  determine  the  ultimate  causes  of  death  of  radio-collared  translocated 
P. occidentalis  and  resident  T. vulpecula  at  the  three  field  sites,  and 
differentiate between likely predator species (fox, cat, chuditch, raptor,  and 
python) on the basis of carcass characteristics and other evidence; 
ii)  to investigate possible proximate factors (such as disease, habitat factors, and 
competition  with  T. vulpecula)  which  may  have  predisposed  translocated 
P. occidentalis to death (see also Chapter 5); and 
iii)  to determine whether numbers of P. occidentalis killed by foxes, pythons and 
cats differed between baited and unbaited sites, and thus assess the evidence Chapter 4 – Causes of mortality  
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for and against the hypothesis of mesopredator release of cats and/or pythons 
in the presence of 1080-baiting for fox control. This aspect of the study was 
linked to two concurrent projects: one investigating aspects of south-western 
carpet python biology in relation to fox control (Bryant in prep), and another 
measuring T. vulpecula numbers at the translocation sites (Nowicki 2007).  
 
4.2 METHODS 
4.2.1 Field methods 
For relatively cryptic species, such as P. occidentalis, radio-telemetry is one of the most 
reliable methods of measuring survivorship of translocated individuals. The fates of 68 
and 24 radio-collared P. occidentalis and T. vulpecula, respectively, were followed over 
the two year study period at Leschenault Peninsula, Martin’s Tank and Preston Beach 
Road.  Possums  entered  the  study  at  various  times  during  2006  and  2007  due  to 
sporadic availability of animals for translocation and other logistical constraints; thus 
monitoring  periods  varied  (Chapter  5).  One  of  the  monitored  P. occidentalis  at 
Leschenault  Peninsula  was  a  recruit  to  the  population  (offspring  of  a  translocated 
female).  Use  of  movement-sensitive  radio-collars  and  weekly  (or  more  frequent) 
monitoring allowed deceased possums to be found soon after death (Section 2.2.6 in 
Chapter 2 for detailed methods).  
When a deceased possum was found, the “death scene” and carcass remains were 
carefully examined for evidence of predator identity (Section 2.2.3f in Chapter 2). If 
tooth  marks  were  present  in  the  collar,  it  was  assumed  the  primary  predator  (or 
scavenger) was a mammalian carnivore. Collars on which tooth marks or scratches 
were present were swabbed for DNA analyses; these were carried out using melt-
curve methods (Berry and Sarre 2007), and could differentiate between fox, cat, dog 
and  chuditch  DNA  (Section  2.2.3f  of  Chapter  2).  Carcasses  found  entire  were 
necropsied either by mysel, or by veterinary pathologists at Murdoch University, to Chapter 4 – Causes of mortality  
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determine the most likely cause of death and to investigate the possibility of disease as 
a primary or contributing factor.  
Radio-collars continued to transmit after ingestion by carpet pythons, and entered 
mortality  mode  when  the  python  was  motionless,  digesting  its  prey.  Pythons  that 
consumed P. occidentalis were captured by hand, transported in calico bags to the 
field station, and passed on to another scientist for intra-abdominal radio-transmitter 
implantation  and  further  study  (Bryant  in  prep).  Collars  were  regurgitated  by  the 
pythons, either voluntarily or by massage, once digestion of the possum was complete.  
Mortality was attributed to predation/scavenging by raptors on the basis of one or 
more of the following pieces of circumstantial evidence: absence of tooth marks on the 
collar  (scratches  or  triangular  marks  present  in  some  cases);  absence  of  collar 
deformation; remains found on open ground or lake shores, with no evidence of tooth 
marks  or  chewing;  plucked  fur;  and  bones  stripped  of  flesh  without  evidence  of 
chewing.  
4.2.2 Statistical analyses 
Carcass and collar characteristics of all mortalities in the categories of fox, cat, raptor 
and  unidentified  mammal  predation/scavenging  were  compiled  into  a  matrix  for 
analysis  using  non-metric  multidimensional  scaling  (MDS)  to  identify  groups  of 
characteristics that might prove useful in differentiating objectively between predator 
species. The variables (Section 4.3.2) were standardised on a mean of 0 and standard 
deviation of 1 to account for differing measurement scales. Possums of both species 
were combined for this analysis to maximise the sample size.  
The MDS was run nine times, each using different numbers of dimensions (2 to 10). In 
all cases the Gower metric was chosen as it can deal with mixed dichotomous and 
continuous  data  (StataCorp  2009).  The  optimum  number  of  dimensions  was 
determined by plotting stress (difference between the order of the distances and the 
order of computed dissimilarities) against the number of dimensions and finding the 
point at which the curve showed an “elbow” (scree plot). Analyses were carried out 
within the statistical software package Stata
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4.3 RESULTS 
4.3.1 Overview 
Of the 68 radio-collared P. occidentalis monitored during the course of the study, 45 
animals died, 15 collars went off the air prematurely (thus the ultimate fate of the 
animal  was  unknown),  and  eight  P. occidentalis  survived  to  the  end  of  the  study 
(Chapter  5).  Twenty-four  radio-collared  T. vulpecula  were  also  monitored;  of  these 
nine died, one went off the air prematurely and 14 survived to the end of the study 
period. Overall, greater proportions of T. vulpecula than P. occidentalis survived to the 
end of the study.  
Causes of mortality were allocated to eight main categories (Table 4.1). The numbers 
of deaths at each field site attributed to the various causes are shown in this table and 
detailed  carcass  descriptions  are  provided  in  Sections  4.3.2  and  4.3.3.  In  cases  of 
predation,  raptor  involvement  was  designated  on  the  basis  of  the  characteristics 
described in Section 4.2.1. There was no doubt as to the perpetrator, when it was a 
python. However, it was difficult to differentiate between species of toothed predators 
(Section 4.3.2) and often not possible to differentiate between primary predation and 
secondary scavenging.  
Four  P. occidentalis  died  without  evidence  of  predation  or  scavenging  (Table  4.1); 
these  were  classified  generally  as  “death  due  to  hypothermia  /  hypoglycaemia  / 
parasitism” on the basis of non-specific necropsy results (Section 4.3.3). The fates of all 
68 P. occidentalis and 24 T. vulpecula are illustrated graphically in Fig. 4. 1 for all field 
sites combined.  
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Leschenault 
Peninsula 
(1080-baited)
Martin's 
Tank 
(unbaited)
Preston Beach 
Rd (1080-
baited)
N died (%) N died (%) N died (%)
Cat predation 4  (13%) 1   (4%) 1   (7%)
Fox predation or scavenge 3  (10%) 5  (22%) 1   (7%)
Unidentified mammalian predator/scavenger 7  (23%) 2   (9%) 2  (14%)
Python predation 4  (13%) 4  (17%)
Raptor predation or scavenge 1   (3%) 1   (4%) 4  (29%)
Hypothermia / hypoglycaemia / parasitism 1   (3%) 2   (9%) 1   (7%)
Drowning 1   (7%)
Accident
Fate unknown 8  (26%) 6  (26%) 1   (7%)
Alive at end of study 3  (10%) 2   (9%) 3  (21%)
Total 31 23 14
Cat predation 1 (20%)
Fox predation or scavenge 2  (14%) 1 (20%) 1  (20%)
Unidentified mammalian predator/scavenger 2  (14%) 1  (20%)
Python predation
Raptor predation or scavenge
Hypothermia / hypoglycaemia / parasitism
Drowning
Accident 1   (7%)
Fate unknown 1  (20%)
Alive at end of study 9  (64%) 3  (60%) 2  (40%)
Total 14 5 5
* Includes one recruit at Leschenault Peninsula (fate unknown)
T.v
P.o
Table 4.1 Fates of 68 translocated P. occidentalis* and 24 resident T. vulpecula 
Possum   
Species
Attributed cause of death
Field site
 
  
4.3.2 Deaths due to predation/scavenging 
The majority of carcasses showed evidence of predation or scavenging (Table 4.1, Fig. 
4.1).  In  many  cases  dead  possums  were  found  within  48  hours  of  death  (minimal 
decomposition,  no  maggots  present).  The  stomach  and  caecum  were  frequently 
uneaten and usually full of food; the latter suggesting that the possum had been eating 
well immediately prior to death. Remains of possums eaten by predators other than 
pythons  varied  in  appearance  and  degree  of  apparent  consumption.  Some  were 
partially intact; in these cases the thoracic contents were usually eaten, along with 
varying amounts of abdomen and limbs. However, often only the head, caecum and 
stomach remained. Sometimes the skull, if present, was damaged and the brain no 
longer there. In many cases the collar was misshapen with tooth marks present; the 
latter were swabbed for DNA extraction and amplification.  Chapter 4 – Causes of mortality  
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Figure 4.1 Fates of 68 radio-collared P. occidentalis and 24 T. vulpecula at all three study 
sites combined, based on DNA results, carcass examinations, and necropsy findings (see 
text) 
 
Most  of  the  P. occidentalis  deaths  attributed  to  cat  predation  (based  on  DNA 
amplification) occurred at Leschenault Peninsula (Table 4.1). Fox predation/scavenging 
was  demonstrated  at  all  three  sites  on  the  basis  of  DNA  typing  or  carcass  burial 
behaviour (remains found in an excavated hole). Apparent raptor involvement was 
most notable at Preston Beach Road; possums nesting in Melaleuca trees adjacent to 
Lake Preston were most affected. The majority of P. occidentalis presumed to have 
been taken or scavenged by raptors were found in open locations, while carcasses 
attributed  to predation  by  mammalian  carnivores  were  usually  found  in  vegetated 
areas.  South-western  carpet  pythons  ate  equal  numbers  of  P. occidentalis  at  both 
Leschenault  Peninsula  and  Martin’s  Tank.  Predation  of  P. occidentalis  by  pythons 
occurred during the summer months (November to March) only. No python predation 
events  occurred  at  Preston  Beach  Road,  although  pythons  were  observed  there 
(personal observations). Most T. vulpecula deaths were due to verified or suspected 
fox  predation  (Table  4.1).  Examples  of  carcass  remains  and  collar  damage  are 
illustrated in Fig. 4.2.  Chapter 4 – Causes of mortality  
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CAT PYTHON
RAPTOR FOX
CAT PYTHON
RAPTOR FOX
 
Figure 4.2 Examples of carcass remains and collar appearance for P. occidentalis killed 
by  cats,  pythons,  raptors  and  foxes  (confirmed  by  DNA  for  these  fox  and  cat 
examples). Note the similarities between cat and fox predations. 
 
Some carcasses were found several days after death, which meant it was difficult to 
tell whether they had been directly predated or secondarily scavenged. Fox DNA was 
amplified  from  collars  of  some;  these  deaths  were  thus  categorised  as  fox 
predation/scavenging. However, it is possible that the possums in question might have 
been killed by a different species of predator, or died for other reasons, prior to being 
scavenged by a fox. All collars from which cat DNA was amplified were found and 
swabbed within 1-2 days of the animal’s death. In these cases it was assumed that 
death was due to direct predation, rather than scavenging, because feral cats tend not 
to eat carrion when suitable live prey are available (Molsher et al. 1999, Paltridge et al. 
1997).  Chapter 4 – Causes of mortality  
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One T. vulpecula death was attributed to fox predation with a high degree of certainty, 
even though no DNA was amplified from collar swabs. Its carcass was found partially 
eaten (thoracic and abdominal contents missing) and buried in an excavated hole in 
the  ground.  All  other  deaths  involving  tooth  marks  and/or  chewed  bones  were 
attributed  to  “unknown  mammalian  predator”  unless  DNA  amplification  suggested 
otherwise.  
Collars from three of six P. occidentalis whose deaths were initially attributed to raptor 
predation/scavenging  on  the  basis  of  carcass  characteristics  (Section  4.2.1)  were 
swabbed for DNA extraction. No direct test for raptor DNA was available, so these 
samples were only tested for presence of fox, cat, dog or chuditch DNA fragments 
(Berry and Sarre 2007). Cat DNA was amplified from one of these samples, so the 
animal was re-allocated as a cat predation event. The possum in question had been 
originally categorised as having been killed by a raptor, as only an undeformed collar 
with one scratch mark on it was found. Moreover, the collar was located on the branch 
of a Melaleuca tree near the edge of Lake Preston. However, there was much fresh 
blood and fur on the collar, suggesting a recent kill, and it is conceivable that the 
possum was killed and eaten by a cat, after which the collar was picked up and moved 
by a bird. Despite a thorough search, no other components of the carcass were found.  
Identification  of  predator  species  with  complete  confidence  was  only  possible  for 
pythons. In all other cases the primary cause of death could not be determined with 
certainty, even when predator DNA was amplified; as it is possible a possum could 
have  been  killed  by  one  predator  species  and  then  scavenged  by  another. 
Alternatively, possums debilitated from disease or starvation, could have been easily 
hunted down and killed by predators or scavenged after dying from these or other 
proximate  causes.  Many  carcasses  remained  in  the  “unidentified  mammalian 
predator/scavenger” category, due to lack of distinguishing features and no predator 
DNA amplification.  
Carcass and collar characteristics of all mortalities in the categories of fox, cat, raptor 
and unidentified mammal were categorised as described in Table 4.2 and analysed 
using  non-metric  MDS  (Section  4.2.2)  to  determine  whether  particular  groups  of Chapter 4 – Causes of mortality  
  180 
characteristics  were  likely  to  be  useful  in  differentiating  between  mammalian 
predators. The values of each variable ascribed to each possum are shown in Table 4.3.  
Scree  plots  (not  shown)  indicated  the  optimum  number  of  dimensions  was  two. 
Inspection of the resultant 2-dimensional MDS plot (Fig. 4.3) in relation to the data 
indicated that the first dimension represented the degree of carcass completeness and 
the second represented the level to which the collar had been chewed and distorted.  
 
Variable
Estimated days 
since death
1 = one-two 2 = three-nine 3 = ten plus
Season 1 = spring 2 = summer 3 = autumn 4 = winter
Location
1 = open ground, 
no trees
2 = woodland,           
not under bushes
3 = woodland,     
under bushes
Buried 1 = yes  2 = partially 3 = no 
Entire 1 = yes 2 = no
Head 1 = intact 2 = not intact 3 = missing
Skull 1 = intact 2 = damaged 3 = missing
Neck 1 = intact 2 = partially eaten 3 =  eaten 4 = unknown
Ears 1 = intact 2 = partially eaten 3 =  eaten 4 = unknown
Jaw on own 1 = yes 2 = no 3 = missing
Thorax 1 = intact 2 = partially eaten 3 = missing
Shoulders 1 = intact 2 = partially eaten 3 = missing
Abdomen wall 1 = intact 2 = partially eaten 3 = missing
Stomach 1 = present 2 = missing
Caecum 1 = present 2 = missing
Pelvis 1 = intact 2 = partially eaten 3 = missing
Limbs 1 = intact 2 = partially eaten 3 = missing
Limb/pelvic bones  1 = intact  2 = chewed 3 = stripped 4 = missing
Bite marks 1 = yes 2 = no / not observed
Collar misshapen 1 = no  2 = slightly  3 = very
Tooth marks collar 1 = yes 2 = no
Other marks collar 1 = yes 2 = no
N tooth marks 1 = none 2 = few 3 = many
Size tooth marks 1 = none 2 = small 3 = mixed 4 = large
Description
Table 4.2  Variables used in the non-metric multidimensional scaling analysis, and their 
level of measurement
 Chapter 4 – Causes of mortality  
  181 
Site
Possum 
ID
Predator 
group Days Season Location Buried Entire Head Skull Neck Ears
Jaw on 
own Thorax Shoulders
Abdomen 
wall Stomach Caecum Pelvis Limbs
Limb 
bones
Bite 
marks
Collar 
misshapen
Tooth marks 
(collar)
Other marks 
(collar)
N tooth 
marks
Size tooth 
marks
LP PoF180 C1 2 4 3 3 2 2 2 3 3 1 3 3 3 2 1 3 3 4 2 3 1 2 3 4
LP PoF182 C2 2 4 3 3 2 2 2 3 3 2 3 3 3 2 1 3 3 4 2 2 1 2 3 4
LP PoF197 C3 1 3 2 3 2 3 3 4 4 3 3 3 3 2 1 3 3 4 2 1 1 2 2 3
LP PoM127 C4 1 4 3 3 2 1 1 2 1 2 3 3 3 1 1 3 3 4 2 1 1 2 2 2
MT PoF198 C5 1 4 3 3 2 1 1 3 1 2 3 2 2 1 1 2 2 2 1 3 1 2 3 2
MT TvF005 C6 1 3 2 3 2 1 1 2 2 2 3 3 2 1 1 1 2 2 2 2 1 2 2 4
PBR PoF200 C7 2 1 2 3 2 3 3 4 4 3 3 3 3 2 2 3 3 4 2 1 2 1 1 1
LP PoF179 F1 1 4 3 3 2 2 2 3 3 1 3 3 3 1 1 3 3 4 2 3 1 2 3 3
LP PoF209 F2 3 1 2 3 2 3 3 4 4 3 3 3 3 2 2 3 3 4 2 2 1 2 2 2
LP PoM151 F3 1 3 3 3 2 2 2 3 3 2 3 3 3 1 1 3 3 4 2 3 1 2 3 4
LP TvM012 F4 1 3 2 1 2 1 1 1 1 2 2 1 2 2 2 1 1 1 1 2 1 1 2 2
LP TvM021 F5 3 4 3 3 2 3 3 4 4 3 3 3 3 1 2 2 2 2 2 2 1 1 3 3
MT PoM128 F6 2 1 2 3 2 1 1 2 1 2 3 3 3 1 1 3 3 4 2 1 1 2 2 2
MT PoM140 F7 1 2 2 2 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 2 2 2
MT PoM143 F8 1 2 2 3 2 1 1 1 1 2 3 3 3 2 1 3 2 2 2 1 1 1 2 2
MT PoM154 F9 1 1 3 2 2 1 1 2 2 2 3 3 2 1 1 1 2 2 2 2 1 2 3 2
MT PoM157 F10 2 1 2 3 2 1 1 2 1 2 3 3 3 2 2 3 3 4 2 3 1 2 3 3
MT TvM003 F11 2 2 2 3 2 3 3 4 4 3 3 3 3 2 2 3 3 4 2 3 1 1 3 4
PBR PoM134 F12 2 2 2 3 2 1 1 3 1 2 2 2 3 1 1 1 2 2 1 3 1 2 3 4
PBR TvM002 F13 1 4 2 3 2 1 1 1 1 2 2 2 2 1 1 1 2 2 1 3 2 1 1 1
LP PoF214 R1 3 3 2 3 1 2 2 1 1 2 1 1 1 1 1 1 1 1 2 1 2 2 1 1
MT PoF192 R2 2 2 1 3 2 3 3 4 4 3 3 3 3 2 2 2 3 3 2 2 2 1 1 1
PBR PoF188 R3 2 2 1 3 2 2 1 3 3 1 3 3 3 1 1 3 2 3 2 1 2 1 1 1
PBR PoF195 R4 3 2 1 3 2 3 3 4 4 3 3 3 3 2 2 3 3 4 2 1 2 1 1 1
PBR PoM135 R5 1 2 2 3 2 2 1 3 3 2 3 3 3 1 1 3 3 4 2 1 2 1 1 1
PBR PoM146 R6 2 2 1 3 2 2 1 3 3 2 3 3 3 2 2 3 3 4 2 1 2 1 1 1
LP PoF190 U1 1 3 3 3 2 2 2 3 3 1 3 3 3 1 1 3 3 4 2 2 1 2 3 2
LP PoF191 U2 2 2 3 3 2 2 2 3 3 2 3 3 3 1 1 3 2 2 2 1 1 2 2 2
LP PoF199 U3 1 4 1 3 2 1 1 1 1 2 1 1 2 1 1 1 1 1 1 2 1 1 2 4
LP PoM119 U4 1 4 3 3 2 2 2 3 3 1 3 3 3 2 1 3 3 4 2 2 1 2 3 2
LP PoM130 U5 1 4 3 3 2 2 2 3 3 1 3 3 3 1 1 3 3 4 2 1 1 2 2 2
LP PoM131 U6 3 3 3 3 2 2 1 3 4 2 3 3 3 2 2 3 3 4 2 2 1 2 3 3
LP PoM152 U7 1 3 3 3 2 1 1 3 1 2 3 3 3 2 1 3 2 2 2 1 1 2 2 2
LP TvF001 U8 2 3 2 3 2 3 3 4 4 3 3 3 3 2 2 3 3 4 2 3 1 1 3 4
LP TvM013 U9 3 1 2 3 2 1 1 2 1 2 3 2 3 1 1 2 2 3 2 3 1 1 3 3
MT PoF205 U10 3 1 2 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 2 1 2 2 1 1
MT PoM149 U11 3 2 1 3 2 2 1 2 4 2 2 2 3 2 2 2 2 3 2 1 1 1 2 2
PBR PoF201 U12 1 4 2 2 2 1 1 3 2 2 3 3 3 1 1 3 2 2 2 2 1 2 3 2
PBR PoF202 U13 1 4 2 3 2 1 1 2 1 2 3 2 3 2 1 3 2 2 2 1 1 2 3 2
PBR TvF004 U14 3 4 2 3 2 3 3 4 4 3 3 3 3 2 2 3 3 4 2 3 1 1 3 4
Table 4.3 Scores for the characteristics defined in Table 4.2 of individual P. occidentalis (Po) and T. vulpecula (Tv) predated/scavenged by mammals and raptors at Leschenault Peninsula (LP), Martin's Tank (MT) and Preston
Beach Rd (PBR). Individuals are grouped by predator species: C=cat, F=fox, R=raptor, U=unknown mammal. Numbering within groups corresponds to the MDS output in Fig. 4.3.
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Figure 4.3 Non-metric 2-dimensional MDS ordination of 40 deceased 
possums  on  the  basis  of  the  characteristics  in  Tables  4.2  and  4.3. 
Individually  numbered  animals  were  grouped  by  attributed  cause  of 
mortality:  blue=raptor,  orange=cat,  purple=fox,  grey=unknown 
mammal. Single outliers are separated from the main cluster of each of 
the cat and raptor mortality groupings. 
 
Most  mortalities  attributed  to  raptor  predation/scavenging  were  clustered  in  one 
quadrant of the plot, since most such carcasses had few remaining body parts and 
collars were undamaged. There was one exception, in which the carcass was entire but 
marks on the thorax were consistent with raptor talons. Carcasses from which cat DNA 
had  been  isolated  were  partially  or  mostly  eaten  and  the  collars,  with  the  one 
exception described earlier, showed a high degree of tooth-related damage. Mortality 
events in which foxes were implicated by DNA or by specific burial characteristics did 
not fall into any localised grouping. Carcasses showed varying degrees of consumption 
and collars were not always damaged. The ordination technique did not reduce the Chapter 4 – Causes of mortality  
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dimensionality  of  the  data  in  a  way  that  differentiated  fox  from  cat;  nor  did  the 
unidentified mammalian predator category fall into any clear grouping on the plot.  
4.3.3 Other causes of death 
Five P. occidentalis and one T. vulpecula were found dead with no obvious signs of 
predator  involvement.  These  animals  were  discovered  soon  after  death,  enabling 
thorough  necropsy  examinations  to  be  carried  out.  Upon  necropsy,  four  of  the 
deceased P. occidentalis were found to be in poor body condition with minimal fat 
reserves. Evidence of endo-or ecto-parasitism was present in three cases. Individual 
findings are detailed below. The fifth P. occidentalis, PoM158, was found floating in 
Lake Preston and appeared to have drowned. There were no signs of predator attack, 
the caecum and stomach were full, and the only gross abnormalities found at necropsy 
were congested lungs and pleural effusion, consistent with drowning. This possum had 
been recently translocated and it was speculated that it had either attempted to cross 
the lake voluntarily for some reason, or that a predator had chased it into the lake 
where it subsequently perished.  
The first  of the  four  P. occidentalis  that  died  in  poor  body  condition,  PoF178,  was 
found on the ground after a cold night and rain. No gross abnormalities were apparent 
at necropsy, apart from lack of body fat reserves and presence of thickened scaly skin 
on the neck and shoulders. Many mites were observed on the skin and fur; these were 
identified  as  Trichosurolaelaps  spp,  a  common  ectoparasite  of  possums  (Clark  and 
Heath 1997, Cowan et al. 2000, Presidente 1984, Viggers and Spratt 1995). Histological 
examination  of  skin  samples  revealed  moderate  parakeratosis  with  scattered 
intracorneal pustules consistent with ectoparasite infestation. Death was attributed to 
hypothermia/hypoglycaemia  associated  with  low  energy  reserves  and  a  heavy 
ectoparasite burden.  
A second female P. occidentalis, PoF181, was found dead on the ground, clutching 
twigs  and  leaves,  a  fortnight  after  translocation  (Fig.  4.4).  Overnight  minimum 
temperatures had fallen below 4°C several times during the period between release 
and death of the possum. The possum had weighed 963g when released; the carcass Chapter 4 – Causes of mortality  
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weighed  684g  when  found,  a  drop  of  29%.  No  gross  abnormalities  were  found  at 
necropsy,  apart  from  a  tapeworm  (Bertiella  sp.)  in  the  small  intestine,  slight 
enlargement of lymph nodes and small multiple nodules in the spleen.  
 
 
Figure 4.4 Carcass of PoF181 at discovery. Death was attributed to 
hypothermia/hypoglycaemia/endo-parasitism 
 
No  histological  abnormalities  were  detected  in  the  lymph  nodes,  spleen  or  other 
organs. Microbiological culture from lymph nodes and spleen resulted in scanty mixed 
growths  of  non-haemolytic  and  alpha-haemolytic  Streptococci,  coagulase-negative 
Staphylococci/Micrococci  and  coryneform  bacilli,  consistent  with  post-mortem 
bacterial  invasion.  Death  was  attributed  to  hypothermia/hypoglycaemia  associated 
with low energy reserves, stress, and endo-parasitism.  
A young male P. occidentalis, PoM133, was found in rigour mortis, hanging by his tail 
from a tree fork, after a night of unusually heavy summer rainfall (27 mm). Necropsy 
revealed a carcass with no subcutaneous or intra-abdominal body fat and presence of 
many  fleas  (Choristopsylla  ochi)  and  mites  (Trichosurolaelaps  spp).  Death  was 
attributed to hypothermia/hypoglycaemia associated with low energy reserves, wet 
weather, and heavy ectoparasite burdens.  Chapter 4 – Causes of mortality  
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The fourth P. occidentalis, a young female, PoF204, was found in rigour mortis on the 
ground  after  a  cold  winter  night.  Her  body  condition  had  not  decreased  over  the 
month  since  release.  This  was  the  only  death  in  which  necropsy  findings  were 
indicative  of  a  possible  infectious  cause.  Gross  pathological  findings  included 
pulmonary changes consistent with bronchopneumonia and a degree of microscopic 
hepatic necrosis. Histological examination revealed mild multi-focal mid-zonal necrosis 
of  the  liver.  There  were  no  microscopic  findings  consistent  with  toxoplasmosis  or 
evidence of Toxoplasma organisms within the brain. Lung culture produced a heavy 
growth of Salmonella houten subsp IV, which is an enteric organism. Reports in the 
literature of this subspecies of Salmonella are rare.  
The pulmonary isolate could have been the cause of the hepatic necrosis seen. The 
degree of hepatic necrosis, however, was not considered great enough to have caused 
death due to hepatic insufficiency or marked release of inflammatory mediators (G. 
Knowles, personal communication). The degree to which the findings contributed to 
the death of the possum was unclear, since there was no obvious evidence of systemic 
enterotoxaemia, as would have been expected if the organism was directly responsible 
for death. Nevertheless the necrosis was consistent with systemic processes, such as 
endotoxaemia due to bacterial infection. This mortality was included in the category of 
hypothermia/hypoglycaemia but may also have included an infectious component.  
Death of the non-predated T. vulpecula was considered accidental, as the animal was 
found wedged by the head under a tree root in a rabbit burrow where it appeared to 
have  become  stuck  and  then  suffocated  in  dirt  as  it  struggled  to  free  itself.  It  is 
unknown as to whether the radio-collar contributed to the animal’s inability to remove 
its head from under the root. This was the only occasion during the study in which 
death may have been linked to the radio-collaring of possums.  Chapter 4 – Causes of mortality  
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4.4 DISCUSSION 
4.4.1 Comparison between P. occidentalis and T. vulpecula   
Mortality  rates  were  higher  for  the  translocated  P. occidentalis  than  for  resident 
T. vulpecula (Table 4. 1, Fig. 4.1) and P. occidentalis died from a greater variety of 
causes. Most T. vulpecula deaths were confirmed or suspected fox predation events 
(as was also the case at TFNP and Gelorup (Grimm and de Tores 2009, Grimm in prep) , 
while P. occidentalis were killed by foxes, cats, pythons and raptors, as well as dying 
from non-predator causes. Being a smaller species, usually weighing less than 1200g, 
P. occidentalis are likely to be more suitable prey for pythons, raptors and cats than 
the  larger  T. vulpecula.  Translocated  P. occidentalis  also  had  the  disadvantage  of 
having to adapt to an unfamiliar environment and compete with resident possums for 
safe rest sites. In addition, their tendency to rest in dreys or forks between branches 
might have made them more visible to raptors; especially in locations of lower density 
vegetation such as exist along the shore of Lake Preston, where a number of deaths 
attributed to raptors occurred.  
Some P. occidentalis dispersed large distances from their release sites (Chapter 6) and 
traversed areas of open ground in the process. This made them more vulnerable to 
fox, cat and raptor predation than if they had remained  off the ground in densely 
forested areas. A number of carcasses were found in open locations, particularly those 
for which deaths were attributed to predation by raptors. Whether the possum had 
travelled to the location of death whilst alive or been carried there after death was 
unknown.  
Raptor species present at the field sites included wedge-tailed eagles (Aquila audax), 
little  eagles  (Hieraaetus  morphnoides),  white-breasted  sea  eagles  (Haliaeetus 
leucogaster),  kites,  harriers,  falcons  and  goshawks  (personal  observations).  Wedge-Chapter 4 – Causes of mortality  
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tailed  eagles  are  known  to  prey  on  and  scavenge  P. occidentalis  (S.  Cherriman
11, 
personal communication); the degree to which the other species prey directly on  
P. occidentalis is unknown, although most are likely to scavenge possum carcasses if 
available.  Owl  species,  including  the  masked  owl  (Tyto  novaehollandiae)  and  the 
barking  owl  (Ninox  connivens)  are  also  likely  to  be  present  in  the  field  sites  (S. 
Cherriman,  personal  communication)  and  may  contribute  to  mortalities  of 
P. occidentalis.  
Eight radio-collared P. occidentalis were caught and eaten by south western carpet 
pythons, while none of the adult T. vulpecula mortalities in my study were attributed 
to python predation. Identification of mammalian hair samples in python scat and 
regurgitate samples has shown that pythons do consume T. vulpecula at coastal field 
sites (Bryant in prep); however, it is likely these are mainly juveniles, as adult animals 
are probably too large for all but the biggest pythons to catch (Bryant in prep). There 
are,  however,  records  of  pythons  taking  adult  T. vulpecula  in  the  northern  jarrah 
forests (P. de Tores, unpublished data). Consumption of P. occidentalis by pythons was 
recorded at both Leschenault Peninsula and Martin’s Tank and included non-collared 
P. occidentalis  (Bryant  in  prep).    Pythons  consumed  both  adult  and  juvenile 
P. occidentalis, and it is likely pythons pose more of a threat to P. occidentalis than to 
T. vulpecula because the former are smaller and thus able to be consumed by a wider 
size range of pythons.  
4.4.2 Predator identity 
The difficulty of differentiating among mammalian predator species with any degree of 
certainty is not unique to this study. Even when paired tooth marks from canine teeth 
are clearly present on collars or carcass remains (a rare event), there is a large overlap 
in the intercanine width ranges of foxes and cats (Murmann et al. 2006), especially if 
juvenile animals are involved. James et al.  (2002) compared tooth marks on radio-
collars with skulls of cats and foxes and concluded that cats were most likely to have 
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been responsible for the deaths of 13 woylies, based on assessment of tooth size and 
intercanine width. However, Ratz et al. (1999) found it impossible in the majority of 
cases to determine which predator species was responsible for the deaths of penguin 
and  albatross  chicks,  due  to  lack  of  distinct  signatures  and  overlap  between 
intercanine distances of candidate predator species. These authors also challenged a 
number of previously published assertions of predator identity, which had been based 
on  unsubstantiated  evidence  or  subjective  opinion.  Objective  methods  for 
differentiating between predator species, such as the forensic analyses used in this 
study, are preferable if predator identity is to be accurately determined.  
However, even when predator DNA can be isolated and amplified from tooth marks in 
collars or other objects, the results of forensic tests are open to interpretation and the 
evidence for predator identity may remain circumstantial. For example, swabs from 
tooth  marks  in  collars  may  collect  DNA  from  primary  and/or  secondary  predator 
species (scavengers), or both. Either (or both) may be amplified. Contaminating DNA 
present on the ground may also become attached to the collar and be included in the 
sample. If there is DNA from more than one species present on the swab, amplification 
of one may swamp the other, leading to misleading results or poor repeatability. In 
addition, contamination of swabs with DNA from a different predator species may 
occur during the collection or analysis phases.  
Therefore,  it  is  possible  that  some  of  the  non-python  predators  assumed  to  be 
responsible  for  mortality  events  described  in  this  study  may  actually  have  been 
secondary  scavengers,  or  their  identity  misallocated  due  to  environmental  cross-
contamination.  However,  in  general,  DNA-based  methods  are  superior  to  the 
subjective  alternatives,  and  it  is  recommended  that  suitable  forensic  samples  be 
routinely collected during examination of mortality events.  
4.4.3 Predisposing factors 
Debilitation  due  to  disease,  stress,  and/or  starvation  may  predispose  translocated 
P. occidentalis to predation. Stress and disorientation resulting from the translocation 
process  may  have  contributed to  the  high  mortality  rate  of translocated  possums. Chapter 4 – Causes of mortality  
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Pseudocheirus  occidentalis    are  often  regarded  as  particularly  “predator-naïve”, 
especially in relation to introduced feral cats and foxes with which they have not co-
evolved (Russell and Banks 2007, Salo et al. 2007). Possums originating from semi-
urban  Busselton  regions  probably  had  little  experience  of  pythons,  as  the  south-
western  carpet  python  is  uncommon  in  urbanised  regions  (D.  Pearson
12, personal 
communication). Translocated  P. occidentalis  were  subjected  to  “hard”  rather  than 
“soft” release, i.e. no provision of extra food or shelter at the release site; neither was 
any level of pre-release antipredator training provided.  
The smaller size of P. occidentalis and its more specialised dietary requirements in 
comparison  to  the  larger,  more  generalist  T. vulpecula  may  have  increased  its 
susceptibility to predation, especially if food and shelter resources were limiting. There 
is anecdotal evidence that T. vulpecula are dominant over P. occidentalis with respect 
to tree-hollow occupation  (How and Hillcox 2000, Wayne 2005); thus inter-specific 
competition for rest sites, and perhaps also for food, may have reduced the ability of 
P. occidentalis  to  avoid  predators.  Survivorship  of  P. occidentalis  was  found  to  be 
correlated with T. vulpecula numbers at the release sites (Chapter 5); whether this was 
due  to  direct  competition  or  to  an  indirect  effect  of  other  factors  is  unknown. 
Territorial behaviour of resident T. vulpecula or previously-translocated P. occidentalis 
may  have  resulted  in  the  sometimes  extreme  dispersal  behaviour  of  a  number  of 
P. occidentalis  translocated  during  the  course  of  this  study  (Chapter  6).  Post-
translocation movement of individual P. occidentalis into or through areas of open 
ground may have resulted in them falling prey to raptors or foxes.  
Limited  food  resources  at  the  translocation  sites,  associated  with  drought  and 
competition  with  other  possums,  was  a  possible  contributing  factor  to  the  high 
mortality  rates  observed  in  this  study.  The  spring  and  summer  of  2006-07  were 
particularly  dry,  leading  to  a  decrease  in  peppermint  foliage  quantity  (personal 
observations) and a likely reduction in nutrient quality also. Peppermint leaves are 
regarded as the most important component of P. occidentalis diet in coastal regions 
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(Jones et al. 1994a) and peppermint was the dominant tree species at the release sites. 
High mortality rates of naturally occurring P. occidentalis at TFNP were also reported in 
2006-07 (Grimm in prep). 
The combination of limited access to food, difficulties in finding suitable rest sites, 
reduced foliage quality in summer and stress associated with release into an unfamiliar 
environment  may  have  prevented  translocated  P. occidentalis  from  maintaining 
sufficient energy reserves to cope with cold and rain, let alone escape from predators. 
Animals in poor body condition are also more likely to develop high parasite burdens 
which could further reduce their fitness, as has been shown for other prey species 
(Alzaga et al. 2008, Hudson et al. 1998, Pedersen and Greives 2008, Voříšek et al. 
1998),  and  thus  affect  their  ability  to  survive.  Experimental  trials  of  pre-release 
treatment with anthelmintics such as ivermectin could thus be worth considering in 
future translocation programs.  
The haematology results reported in Chapter 3 indicated that the nutritional quality of 
the habitat at the translocation sites during the study period may have been lower 
than at the sites in the Busselton region from which the possums were derived. If so, 
nutritional stress may have predisposed some of the translocated P. occidentalis to 
predation. It is also possible that the carrying of radio-collars reduced survival through 
indirect effects, such as increased energy expenditure or extra time spent grooming at 
the expense of foraging or predator avoidance. These effects, unless large, are difficult 
to detect without collecting data over long time periods during which conditions vary. 
All collars weighed less than 3% of possum body mass and were fitted carefully; thus it 
was assumed that collar-induced effects were small. However, no experimental work 
has  been  carried  out  to  test  this  assumption,  and  studies  on  other  species  have 
provided  evidence  interpreted  to  both  support  (Moorhouse  and  Macdonald  2005, 
Tuyttens et al. 2002) and refute (Berteaux et al. 1996, Golabek et al. 2008) existence of 
collar-induced effects.  
A final factor that could contribute to the susceptibility of P. occidentalis to predation 
is  the  presence  of  clinical  or  subclinical  disease.  Although  translocated  possums 
appeared clinically healthy at release and there was no evidence of infection with Chapter 4 – Causes of mortality  
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toxoplasmosis, leptospirosis, cryptococcosis or chlamydial infection (Chapter 3), there 
remains the chance that some other as yet undetected disease entity was present. The 
relationship  between  survivorship  and  WBC  reported  in  Chapter  5  provides  some 
support for this possibility.  
4.4.4 Significance of results 
Most  deaths  that  occurred  during  the  course  of  this  study  involved  predation  or 
scavenging,  with  foxes,  cats,  pythons,  and  raptors  all  implicated.  Another  native 
predator,  the  chuditch,  might  also  have  been  responsible  for  some  deaths  in  the 
“unknown mammalian predator” category. Chuditch were implicated in the deaths of 
a number of P. occidentalis translocated into Lane Pool Reserve in the Southern Jarrah 
forests of WA in 1996 (de Tores et al. 2004). Captures of chuditch have occurred at 
sites in Yalgorup National Park  (Nowicki 2007), but densities are likely to be low and 
there have been no reports of chuditch at Leschenault Peninsula since 1998 when two 
individuals were sighted (P. de Tores, personal communication).  
Changes  to  the  fox-baiting  regime  at  Leschenault  Peninsula  after  1998  were 
considered  the  most  parsimonious  explanation  for  the  decline  in  P. occidentalis 
numbers at that site between then and 2002 (de Tores et al. 2004, de Tores 2005). The 
baiting regime established in 1991 involved the laying of 100-115 dried meat baits, 
each containing 4.5 mg of 1080, at 4-weekly intervals along roads within the 1071 ha 
conservation park. Baits were buried up until 1995, then tethered at the surface from 
1995 on  (de Tores  and  Marlow  in prep).  Between  1998  and 2002,  baiting  records 
showed that some baiting sessions had been missed and fewer than 100 baits were 
laid in some months (de Tores et al. 2004).  
Throughout  the  current  project,  intervals  between  baiting  averaged  4.3  weeks; 
however, the number of baits laid was only 56 per session and areas of high human 
visitation were avoided, due to concerns for public safety. Baits were formulated as 
salami-style  sausage  baits  (Probait),  containing  3.0  mg  of  1080 per bait,  and  were 
tethered throughout the period. The baiting regime at Preston Beach Road was similar, 
with baits laid approximately every 200 m along tracks and the lake shore. Baiting Chapter 4 – Causes of mortality  
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intervals  there ranged  from  3-9  weeks,  averaging  6.0  weeks.  The  current levels of 
exotic predator control at the coastal translocation sites appear insufficient to prevent 
unacceptably  high  levels  of  mortality  among  recently-translocated  P. occidentalis. 
Foxes are intermittently recorded at 1080-baited as well as unbaited sites, and the 
DNA results from predated P. occidentalis in this study suggest that cat numbers are 
particularly problematic at Leschenault Peninsula (1080-baited).  
One of the aims of the study was to assess the evidence for or against the hypothesis 
of mesopredator release of cats and/or pythons in the presence of 1080-baiting for fox 
control. The inability to differentiate between fox, cat and chuditch predation on the 
basis  of  carcass  characteristics  (Section  4.3.2)  limited  the  capacity  of  this  study  to 
provide evidence for or against this hypothesis, or to determine whether 1080-baiting 
for fox control is of benefit to translocated P. occidentalis. Neither did the results of 
predator surveys at the field sites during 2008-09 show clear evidence for or against 
the hypothesis of mesopredator release of cats in the presence of 1080-baiting for fox 
control (P. de Tores, unpublished data). However, numbers of P. occidentalis deaths in 
which foxes were implicated on the basis of DNA amplification were greatest at the 
unbaited site (Martin’s Tank), and cat DNA was isolated most frequently from carcass 
remains at Leschenault Peninsula (baited) (Table 4.1).  
Likewise,  in  an  earlier  study  during  2004-05,  more  P. occidentalis  deaths  were 
attributed  to  python  and  cat  predation  at  Leschenault  Peninsula  (baited)  than  at 
Martin’s Tank (unbaited) (de Tores and Marlow in press). However, deaths attributed 
to  cat  predation  in  that  study  were  not  based  on  forensic  analyses,  and  the 
proportions of deaths for which the identity of the mammalian predators remained 
unknown were too high in both that study and mine for reliable inference to be made 
on  the  basis  of  such  ratios.  Greater  numbers  of  pythons  have  been  sighted  at 
Leschenault Peninsula than at Martin’s Tank (G. Bryant
13, personal communication), 
and  more  radio-collared  P. occidentalis  were  consumed  by  pythons  at  Leschenault 
Peninsula  than  at  Martin’s  Tank  during  2004-05  (P.  de  Tores,  unpublished  data). 
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However, equal numbers of translocated P. occidentalis were eaten by pythons at both 
of these locations during my study, and similar numbers of python scats contained 
P. occidentalis remains at each site (Bryant in prep). More intensive fox-baiting, as well 
as the development of effective cat control measures appear necessary to improve 
P. occidentalis translocation success at coastal sites, especially if levels of predation by 
pythons and raptors remain high.  
Translocation  of  ground-dwelling  marsupial  species  into  temporary  enclosures  has 
reduced levels of post-translocation mortality in some studies (Moseby and O'Donnell 
2003, Moseby and Read 2006, Short and Turner 2000), but mortality often increases 
following release of animals from temporary protection (Gibson et al. 1994, Hardman 
and  Moro  2006).  Solitary  arboreal  species  are  more  difficult  to  enclose,  and  cost-
effective methods of “soft” release for P. occidentalis have not yet been developed. 
However,  successful  releases,  in  the  short  term  at  least,  of  some  rehabilitated 
P. occidentalis  using  temporary  cages  have  been  carried  out  (U.  Wicke,  personal 
communication).  
The value of nest box provision in assisting translocation success is equivocal (Moore 
2007, Moore et al. in press) but worthy of further investigation. Predator aversion 
training  has  shown  to be  effective  in  increasing  vigilance  to eutherian  mammalian 
predators in some marsupial species (Griffin and Evans 2003, McLean et al. 1994, 1996, 
McLean et al. 2000) but has not been carried out on possums. Potential benefits of 
anti-predator training on post-release survival have not been experimentally evaluated 
for many marsupial species (Griffin et al. 2000) but the method has recently shown 
promise  in  the  case  of  captive  bred  numbats  trained  to  fear  raptors  (Friend  and 
Thomas 2003).  
Large-scale  fencing  can  be  effective  in  reducing  or  preventing  predation  on  native 
animals  by  exotic  carnivores  (Moseby  and  Read  2006).  For  example,  Karakamia,  a 
fenced site owned by the Australian Wildlife Conservancy in the Darling Ranges east of 
Perth supports viable populations of woylies and tammar wallabies in the absence of 
foxes and cats (AWC 2009). Forty-two P. occidentalis were translocated into Karakamia 
between 1995 and 2002 (AWC 2006, de Tores et al. 1998). Despite the presence of Chapter 4 – Causes of mortality  
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wedge tail eagles and occasional sightings of pythons, sufficient of the translocated 
P. occidentalis  have  survived  and  reproduced  successfully  to  maintain  an  ongoing 
presence  of this  species  within  the  enclosure at  an unknown  (but  apparently  low) 
density (AWC 2009). This emphasises the value of the total exclusion of introduced 
predator  species  for  establishment  of  viable  translocated  populations  of 
P. occidentalis.  
Maintenance of sizable populations of both native and introduced predator species at 
the translocation sites used in my study could be due to high densities of alternative 
prey  species  such  as  waterbirds,  rabbits,  T. vulpecula  or  reptiles.  Decimation  of 
P. occidentalis may occur through the process of “hyperpredation” (Courchamp et al. 
1999c, Smith and Quin 1996), if the translocated possums are as easy or easier to catch 
than alternative prey, or slower to reproduce. Translocated P. occidentalis are likely to 
be particularly vulnerable to predation, especially if disorientated, hungry or weak. 
Pseudocheirus occidentalis populations at the translocation field sites may currently 
reside in a “predator pit” (Dickman 1996, Kerle et al. 1992, Smith and Quin 1996), due 
to large numbers of alternative prey species that maintain the suite of predators that 
easily catch P. occidentalis.  
Rabbit numbers at the translocation sites appear not to be particularly high at present 
(personal  observation),  but  were  higher  in  the  early  1990s  (P.  de  Tores,  personal 
communication). Their numbers declined later in the 1990s after instigation of fox-
baiting, due to a concurrent rabbit-baiting program (de Tores and Marlow in press). 
Thus  prey  switching  from  rabbits  to  P. occidentalis  may  have  contributed  to  the 
documented decline in P. occidentalis numbers at Leschenault between 1998 and 2002 
(de Tores 2005). Waterbirds nest along the estuary shore of Leschenault Peninsula and 
bobtail lizards (Tiliqua rugosa) are common at all field sites (Nowicki 2007); these and 
other species such as T. vulpecula, mice, rats and skinks may help sustain predator 
populations.  Recent  dietary  studies  have  indeed  shown  that  bobtail  lizards  are 
common prey of pythons at Leschenault Peninsula (Bryant in prep).  
Reintroduction of species into sites in which they are no longer endemic should not be 
carried  out  unless  the  factors  leading  to  the  species’  former  decline  have  been Chapter 4 – Causes of mortality  
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redressed  prior  to  commencement  of  translocations  (IUCN  1987,  1998).  The  high 
P. occidentalis  mortality  rates  observed  in  this  study  suggest  that  current  levels  of 
exotic  predator  control  are  inadequate  for  establishment  and  maintenance  of 
translocated P. occidentalis populations, especially at Leschenault Peninsula. Fewer fox 
baits are now deployed at this site than was the case during the 1990s and overall 
predation rates were unacceptable at all three field sites during this study.  
However, factors other than predator numbers alone may be contributing to the high 
mortality rates of P. occidentalis observed in this study. Food shortage and predation 
can  combine  to  increase  mortality  (Krebs  et  al.  1995).  Population  sizes  of 
P. occidentalis are known to fluctuate in relation to the nutrient content of their diet, 
particularly  nitrogen  levels  (Jones  et  al.  1994b).  Peppermint  foliage  quality  was 
noticeably poor during the summer of 2006-07 (less dense, with many brown-tipped 
leaves; personal observations) and there is current concern for the health of this tree 
species  over  a  wide  area  (G.  Hardy
14, P. Barber
15, personal  communications). The 
results reported in Chapter 3 suggest that low foliage quality may currently be an issue 
of concern at all three translocation sites, and also at sites to the east of Busselton 
(particularly TFNP) where naturally occurring populations are found.  
Home range sizes of established translocated  P. occidentalis varied between 0.2 and 
14.9 Ha (Chapter 6) and tended to be larger when animals established territories far 
away  from  the  release  sites  that  were  deliberately  located  in  the  most  densely 
forested parts of the field sites. Vegetation connectivity and floristic structure vary 
throughout  each  of  the  sites;  thus  habitat  suitability  and  carrying  capacity  for 
P. occidentalis  are  also  likely  to  vary  within  sites.  Intra-specific  competition  among 
P. occidentalis  themselves  may  also  play  a  role  in  the  current  limitation  of 
P. occidentalis survivorship at Martin’s Tank and Preston Beach Road; at both these 
sites  low  density  P. occidentalis  populations  derived  from  previous  translocation 
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attempts existed (Chapters 1, 6, and 7) and may have limited the establishment of 
more recently introduced animals, especially if foliage nutrient quality was low.  
Numbers of T. vulpecula have increased at Leschenault Peninsula and Preston Beach 
Road over the years since the commencement of 1080-baiting for fox control (de Tores 
et al. 1998, de Tores et al. 2004, Lynch 1996) and a correlation between P. occidentalis 
survivorship and T. vulpecula numbers was found in this study (Chapter 5). Whether 
the  reduced  survivorship  of  P. occidentalis  is  due  to  direct  competition  with 
T. vulpecula  or  is  secondary  to  other  factors,  such  as  1080-baiting  and  resultant 
mesopredator  release,  can  only  be  speculated.  Although  temporal  changes  in 
T. vulpecula numbers at Martin’s Tank are unknown, the survivorship analyses suggest 
that  presence  of  high  numbers  of  T. vulpecula  is  linked  with  survivorship  of 
translocated P. occidentalis at this site also (Chapter 5). Further experimental work is 
required to elucidate the precise mechanism(s) driving this association.  
Low density populations of endangered species are particularly at risk of extinction 
from  demographic  stochasticity,  environmental  stochasticity  and  Allee  effects 
(Gascoigne and Lipcius 2004, Gilpin and Soulé 1986, Stephens and Sutherland 1999) 
(Chapter 1). If the carrying capacity of the translocation sites for P. occidentalis is low, 
as it currently may be, and the overall area of suitable habitat is not large, then the 
translocated  populations  may  need  regular  supplementation  through  breeding 
programs  or  release  of  rehabilitated/displaced  animals  to  counteract  density-
dependent declines.  
Consideration of options for habitat enhancement could also be of value. For example, 
supply of extra water, nutrient enhancement of trees, or provision of refuges (e.g. 
planting dense understorey) could be trialled experimentally as methods of increasing 
survivorship  and  carrying  capacity,  and  reducing  predation  (Gascoigne  and  Lipcius 
2004). Whatever other measures are carried out, effective control of exotic predators 
is absolutely essential. Exclusion of foxes and cats, if achievable, might alone or in 
combination with other measures be sufficient to enable the low-density translocated 
P. occidentalis populations to escape from the “predator pit”, in which it appears likely 
they currently reside, and become sustainable in these sites.  Chapter 5 – Survivorship  
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Chapter 5:  
Survivorship analyses 
5.1 INTRODUCTION 
Establishment and maintenance of translocated populations requires i) that sufficient 
numbers of animals survive the initial post-translocation phase to reproduce, and ii) 
that  longer-term  survivorship  of  translocated  animals  and  their  offspring  is  high 
enough to enable population growth, until carrying capacity for the species is reached 
(Armstrong and Seddon 2008, Sarrazin and Barbault 1996, Seddon 1999, Seddon et al. 
2007).  Although  survival  and  reproduction  rates  of  the  translocated  P. occidentalis 
populations at Leschenault Peninsula and Yalgorup National Park in the 1990s, in the 
presence  of  1080-baiting  for  fox  control,  appeared  sufficient  to  establish  viable 
populations in the short term (de Tores et al. 1998), the subsequent population decline 
at  Leschenault  Peninsula  (de  Tores  et  al.  2004)  emphasised  the  importance  of 
continued monitoring of translocated individuals in order to better understand the 
factors  influencing  translocation  success.  Furthermore,  the establishment  of  a  new 
unbaited  translocation  site  at  Martin’s  Tank  in  2004  (de  Tores  2005)  necessitated 
intensive survivorship monitoring in order to determine whether viable P. occidentalis 
populations were likely to establish there. Estimation of survival rates of translocated 
P. occidentalis  and  determination  of  factors  influencing  survivorship  of  both 
translocated P. occidentalis and resident T. vulpecula at baited and unbaited sites were 
therefore major components of my project. The focus of this chapter is to report on 
investigations of the factors influencing survivorship, as opposed to merely elucidating 
the ultimate causes of death (Chapter 4).  
5.1.1 Aims 
The overall purpose of this chapter was to identify, from a suite of possible intrinsic 
and  extrinsic  factors,  those  that  most  influenced  the  survivorship  of  translocated 
P. occidentalis  and  resident  T. vulpecula  over  the  study  period.  An  information-Chapter 5 – Survivorship  
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theoretic modelling approach was used, and separate modelling exercises were carried 
out to address each of three main aims:  
i)  to  identify  which  variables,  or  combination  of  variables,  best  described 
survivorship of translocated P. occidentalis over the course of the study; 
ii)  to investigate how survivorship changed over the initial three months following 
release  and  determine  whether  survivorship  of  P. occidentalis  released  in 
summer/autumn  was  different  from  survivorship  of  animals  released  in 
winter/spring (the latter question was of interest because P. occidentalis are 
physiologically  less  well  adapted  to  cope  with  hot  than  cold  environmental 
temperatures (Yin 2006) and because foliage nutrient levels are likely to be 
higher in spring than autumn); and 
iii)  to  compare  the  survivorship  of  translocated  P. occidentalis,  once  they  had 
established territories, with that of T. vulpecula and investigate whether similar 
factors  influenced  survival  of  both  possum  species.  For  example,  because 
T. vulpecula spend much more time on the ground than do P. occidentalis they 
may benefit more from 1080-baiting for fox control than do P. occidentalis. 
Conversely, P. occidentalis may be more susceptible to predation by cats and 
pythons  because  P. occidentalis  tend  to  avoid  ground  travel,  and  cats  and 
pythons  are  more  adept  than  foxes  at  climbing  trees.  It  is  possible  that 
numbers of cats and pythons are higher in 1080-baited sites due to release 
from mesopredator competition/suppression by foxes (de Tores et al. 2008b, 
Johnson et al. 2007, Ritchie and Johnson 2009).  
5.2 METHODS 
Analysis  of  survivorship  data  adopted  an  information-theoretic  approach  (Burnham 
and  Anderson  2002),  using  the  Known  Fate  option  in  Program  MARK  (White  and 
Burnham 1999) (Sections 2.3.2 and 2.3.4 in Chapter 2). The Known Fate option uses 
the  Bernoulli  model  and  standard  likelihood-based  estimation  instead  of  the 
traditional Kaplan-Meier estimator (Kaplan and Meier 1958) to estimate survivorship 
(Cooch and White 2009). This more flexible method allows staggered entry of data Chapter 5 – Survivorship  
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through time (Pollock et al. 1989) as well as the use of covariates in models (Pollock 
2002).  
The survivorship analyses described below were based on weekly monitoring of the 
live/dead  status  of  67  radio-collared  translocated  P. occidentalis  and  18  of  the  24 
radio-collared T. vulpecula resident in the translocation sites (Section 2.2.6 in Chapter 
2).  Only  T. vulpecula  for  which  home  range  sizes  could  be  calculated  were  used 
(Section 5.2.4 and Chapter 6). The analyses did not include the 68
th radio-collared 
P. occidentalis  which  was  a  recruit  to  the  population  (Table  2.2  in  Chapter  2). 
Monitoring results were concatenated into four-week blocks to provide suitable data, 
in the form of encounter histories, for analysis (Section 5.2.4). Possible mechanisms by 
which the various factors of interest could be expected to affect possum survivorship 
were expressed as a series of non-exclusive hypotheses, as listed below.  
5.2.1 A priori hypotheses 
Analyses  incorporated data  on  the  suite  of  variables  considered  likely  to  influence 
survivorship and were formulated as a set of “a priori” candidate models. Variables 
incorporated  into  models  included  health  parameters,  habitat  attributes  and 
characteristics of the different field sites. Model selection was through the use of AIC 
to  select the  model(s)  which  best  described  the  data  (Section  5.2.5).  Some  of the 
hypotheses  and  associated  models  were  only  relevant  to  the  translocated 
P. occidentalis, while others were also relevant to survivorship of T. vulpecula. The list 
of hypotheses included:  
1.  That  1080-baiting  for  fox  control  influences  survivorship  of  P. occidentalis  and 
T. vulpecula. Survivorship could be expected to be greatest at baited sites due to 
decreased fox predation. Alternatively, 1080-baiting might instead lead to reduced 
survivorship of P. occidentalis, due to mesopredator release of cats and pythons 
which may be more adept than foxes at catching these small arboreal marsupials.  
2.  That  survivorship  of  wild  displaced  P. occidentalis  from  development  sites  is 
greater than that of rehabilitated animals. This might occur if the latter, especially Chapter 5 – Survivorship  
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if  in  care  for  a  long  period,  have  poorly-developed  anti-predator  responses  or 
reduced fitness.  
3.  That survivorship of P. occidentalis translocated as adults is greater than that of 
sub-adults.  Adult possums could be expected to have greater ability to find food 
and shelter and compete with other arboreal species than immature animals. Age 
may also influence survivorship of T. vulpecula, as sub-adult animals disperse and 
then need to establish their own territories.  
4.  That sex influences survivorship of P. occidentalis and T. vulpecula. This could occur 
if there are gender differences in territorial behaviour.  
5.  That  season  of  release  affects  survivorship  of  P. occidentalis.  Pseudocheirus 
occidentalis  tolerate cold weather better than very hot weather (Yin 2006), and 
food availability is likely to be greatest in spring. Thus animals released during 
winter and spring might be expected to survive better than animals released in 
summer/autumn.  
6.  That monthly survivorship is related to environmental variables such as mean daily 
maximum  or  minimum  temperatures,  or  rainfall.  This  is  likely  if  heat  stress, 
hypothermia or drought adversely affect either species of possum.   
7.  That availability of grass trees as rest sites influences survivorship of P. occidentalis 
and/or T. vulpecula. Pseudocheirus occidentalis commonly uses grass trees when 
they are present (Chapter 6). Grass trees abound at Martin’s Tank and Preston 
Beach Road but are very uncommon at Leschenault Peninsula.  
8.  That  competition  with  T. vulpecula  for  food  or  rest  sites  affects  P. occidentalis 
survivorship. Survivorship of translocated P. occidentalis could therefore be related 
to  T. vulpecula  population  size  (CBP)  in  the  vicinity  of  the  sites  at  which 
P. occidentalis were released.  
9.  That  the  body  condition  of  P. occidentalis  at  the  time  of  release  affects  their 
subsequent survivorship. Animals in good body condition may be better equipped 
to  survive the  initial  stresses  of  adjusting  to their  new  environment.  The  body 
condition indices derived in Chapter 3 (Section 3.3.7) were used for this.  Chapter 5 – Survivorship  
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10. That survivorship of translocated P. occidentalis is related to red blood cell counts 
(RBC)  or  white  blood  cell  counts  (WBC)  at  the  time  of  release.  For  example, 
anaemia  will  be  reflected  in  low  RBC;  chronic  stress  may  result  in  reduced 
immunity (low WBC); while sub-clinical disease, inflammation, parasitism and acute 
stress  may  result  in  elevated  WBC.  All  these  conditions  could  lead  to  low 
P. occidentalis survivorship.  
11. That  acute  stress  associated  with  capture  and  translocation  affects  subsequent 
survival. Evidence of such stress could be indicated by changes in haematological 
or serum biochemical parameters, such as WBC or creatinine kinase (CK) levels.  
12. That survivorship is related to vegetation connectivity in the habitat utilised by 
P. occidentalis and T. vulpecula. If possums, particularly P. occidentalis, are forced 
to come to ground whilst travelling they are more likely to be at risk of predation. 
Connectivity of trees at day-time rest sites and night time foraging locations was 
used as a measure of this.  
13. That  exposure  to  specific  diseases  such  as  toxoplasmosis,  leptospirosis, 
cryptococcosis,  and  chlamydiosis  reduce  survivorship  of  translocated 
P. occidentalis due to presence of sub-clinical disease (no overtly ill P. occidentalis 
were released).  
14. That  high  levels  of  endo-  or  ecto-parasitism  affect  survivorship  of  translocated 
P. occidentalis by reducing energy levels and causing general debilitation.  
15. That survival rates of translocated P. occidentalis are lower in the first 1-3 months 
following  release,  before  the  translocated  animals  manage  to  establish  home 
ranges, due to competition with conspecifics or T. vulpecula and/or to increased 
predation risk associated with unfamiliarity with the terrain.  
16. That survivorship of established P. occidentalis and resident T. vulpecula is related 
to the number of different rest sites they use. Regular use of a small number of 
different rest sites might enable predators to learn where to lie in wait for possums 
at dusk and dawn. 
17. That  survivorship  of  established  P. occidentalis  and  resident  T. vulpecula  varies 
with possum home range size. Possums with large home ranges might be more Chapter 5 – Survivorship  
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likely to travel between locations on the ground, especially if habitat quality is poor 
due to patchy or low vegetation cover.  
Hypotheses  1-12  were  investigated  by  construction  of  a  set  of  a  priori  candidate 
models  incorporating  each  of  the  relevant  covariates  separately,  and  in  pre-
determined combinations (Section 5.2.5). Hypotheses 13 and 14 were not tested due 
to the fact that most animals were negative for all the specific diseases tested for and 
parasites were too infrequently detected (Chapter 3). Hypothesis 15 was investigated 
using  a  subset  of  translocated  P. occidentalis  released  on  two  separate  occasions; 
details are provided in Sections 5.2.4 and 5.2.5. Hypotheses 16 and 17 were tested 
using  those  P. occidentalis  which  survived  long  enough  to  establish  home  ranges 
(Sections 5.2.4 and 5.2.5).  
Two further hypotheses of interest could not be tested due to lack of data. It had been 
hoped  that  information  on  fox  and  cat  activity  and/or  density  would  be  collected 
concurrently with the translocation work so that the effects of the relative numbers of 
these two exotic predator species on possum survivorship could be tested. However, 
data were only available for July and September 2008 (P. de Tores, unpublished data), 
which was after the survivorship study had finished. These data were obtained for only 
two  of  the  three  field  sites,  Leschenault  Peninsula  (baited)  and  Martin’s  Tank 
(unbaited), and were difficult to interpret due to low predator detection rates, so I did 
not use them in my analyses. Although the effect of predator numbers on possum 
survivorship was not tested directly, the presence of 1080-baiting (hypothesis 1 above) 
was considered as a surrogate for fox density, based on the premise that fox density 
was lower at 1080-baited sites.  
A second hypothesis of interest was that the nutritional quality of peppermint foliage 
at the field sites affects the survivorship of translocated P. occidentalis. Distribution of 
naturally occurring P. occidentalis populations is considered to be related to nitrogen 
and potassium levels in peppermint foliage  (Jones et al. 1994b), so it is likely high 
foliage  nutrient  levels  at  the  field  sites  are  important  for  the  maintenance  of 
translocated  P. occidentalis  populations.  Unfortunately,  collection  of  the  necessary 
data with which to test this hypothesis was beyond the scope of the project. It had Chapter 5 – Survivorship  
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been hoped that a concurrent research project could be set up to investigate this 
topic, but funding and a suitable student were not available.  
5.2.2 Variables incorporated into survivorship analyses 
In Program MARK, variables associated with individual animals are integrated into the 
model  structure  as  covariates  associated  with  each  individual’s  encounter  history 
(Cooch and White 2009, Pollock 2002, White and Burnham 1999). Environmental data, 
averaged over the same time intervals as the encounter histories, can be incorporated 
into the models as time-variant external covariates (Sections 5.2.4 and 5.2.5).  
The  individual  and external  covariates  used  in my  analyses  are  listed  in  Table  5.1, 
cross-referenced  to  the  relevant  hypotheses  in  Section  5.2.1.  Daily  rainfall  and 
temperature data were obtained from the Australian Bureau of Meteorology (BoM) for 
Bunbury; average values for each four-week period are provided in Table 5.2.  
Estimates of T. vulpecula population sizes (Table 5.3) were taken from Nowicki (2007) 
who utilised trapping webs to obtain population estimates of T. vulpecula within each 
of the field sites, concurrent with P. occidentalis translocation research. Five of the six 
trapping web locations (two at each field site) corresponded closely to the release sites 
of translocated P. occidentalis (Figs 2.2 and 2.4 in Chapter 2); the sixth release site (at 
Martin’s Tank) was nearly equidistant between two trapping webs (Fig. 2.3 in Chapter 
2), so a weighted average of the two values was used, with weighting based on the 
relative distances between this release site and each trapping web.  
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Covariate
Hypothesis 
addressed
1080 baiting of field site 1 1=baited  0=unbaited
P. occidentalis origin 2 1=development site  0=rehabilitated in care
Age at release 3 1=adult  0=sub-adult
Sex 4 1=male  0=female
Season of release 5 1=autumn/winter  0=spring/summer
Availability of grass trees 7 1=available  0=unavailable
Numbers of T. vulpecula at 
release site
8
Body condition index at 
release
9
WBC prior to release 10
RBC prior to  release 10
CK prior to release 11
Vegetation connectivity 12
Exposure to infectious 
disease
13
Levels of endo- and ecto-
parasitism
14
N different rest sites 16
Home range size 17
Covariate
Hypothesis 
addressed
Mean daily max temp 6
Mean daily min temp 6
Rainfall 6
Table 5.1
a) Individual covariates incorporated into survival analyses of translocated P. occidentalis
Description
Few parasites were detected; therefore this covariate was 
not used due to the large number of missing values
Residuals from a linear model of log(body mass) against 
log(head-body) + log(head) length (see Ch. 3)
White blood cell count just prior to release  (x10
9)
Red blood cell count just prior to release  (x10
9)
Creatine kinase level just prior to release (IU/L)
summed over each 4-week period (Table 5.2)
b) External covariates incorporated into survival analyses of translocated P. occidentalis
Description
See Table 5.3 and associated text
Most animals were negative for all diseases tested, so this 
covariate was irrelevant
Average number of connecting trees at each animal's 
daytime rest sites or night time foraging locations
averaged over each 4-week period (Table 5.2)
averaged over each 4-week period (Table 5.2)
For each established P. occidentalis and each resident T. 
vulpecula (ha)
Number of different rest sites used (as a proportion of the 
total number for each possum)
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4-week 
period End date
Rainfall total           
(mm)
Mean daily Max           
temp (ºC)
Mean daily Min           
temp (ºC)
1 22-May-06 26 21.7 7.5
2 19-Jun-06 16 19.0 4.6
3 17-Jul-06 52 18.6 6.1
4 14-Aug-06 162 17.9 8.0
5 11-Sep-06 136 18.3 9.0
6 09-Oct-06 30 19.5 9.2
7 06-Nov-06 15 23.0 10.9
8 04-Dec-06 25 25.7 13.1
9 01-Jan-07 1 28.9 13.5
10 29-Jan-07 29 27.9 13.9
11 26-Feb-07 3 28.8 15.4
12 26-Mar-07 13 28.5 14.9
13 23-Apr-07 42 23.9 10.4
14 21-May-07 34 20.0 8.7
15 18-Jun-07 62 19.5 8.8
16 16-Jul-07 177 18.1 8.6
17 13-Aug-07 147 17.3 9.9
18 10-Sep-07 126 18.1 9.0
19 08-Oct-07 94 18.9 10.4
20 05-Nov-07 22 20.8 8.9
21 03-Dec-07 6 25.7 13.1
22 31-Dec-07 30 26.8 13.1
23 28-Jan-08 0 31.2 15.7
24 25-Feb-08 5 31.2 17.1
25 24-Mar-08 5 28.5 15.5
26 28-Apr-08 106 23.0 10.8
Table 5.2 Rainfall and temperature data for Bunbury, WA * 
* Data obtained from the BoM for Bunbury showed close correlations with data from temperature sensors
deployed at each field site (July 2007 - March 2008). BoM data were used in the survivorship analyses, as
data from the temperature sensors only spanned part of the study period.  
 
Trapping Web name ** Release site location *
Estimated T. vulpecula 
population size (±SE) **
Leschenault Leschenault north 22.5 (0.9)
Belvidere Leschenault south 27.2 (9.5)
Lake Pollard Martin's Tank north 16.5 (1.1)
Martin's Tank Martin's Tank south 14.7 (1.1)
Preston Beach Rd Preston Beach Rd north 34.3 (5.2)
Spyridium Preston Beach Rd south 21.4 (1.0)
Table 5.3  T. vulpecula population size within each of the trapping webs, 
located near release sites for translocated P. occidentalis *
* See Chapter 2 Figs 2.2, 2.3 and 2.4.              **Data from Nowicki 2007  
 Chapter 5 – Survivorship  
  206 
5.2.3 Assumptions 
A  number  of  assumptions  underlie  the  modelling  of  survivorship  using  known-fate 
data. Violation of these may cause bias and/or loss of precision in model outputs, 
reducing reliability of results. The main assumptions are:  
i)  Radio-collared individuals are representative of the populations of interest.  
ii)  Fates of individuals and cohorts are independent.  
iii)  Censoring (see below) is independent of the fate of the animal.  
iv)  Covariates are measured without error. 
Possums entering the study were obtained arbitrarily from the available sources, and 
were believed to be representative of the populations from which they came. Possums 
were  released  individually,  and  sub-adults  had  reached  independence  from  their 
mothers by the time of radio-collaring. Radio-tracking did not indicate any tendency 
for  individuals  to  behave  in  a  collective  manner;  thus  fates  could  be  assumed 
independent of factors other than site-specific variables.  
The third assumption was the most difficult to ensure as, without any reliable means 
of locating animals whose radio-collars had failed, it was difficult to know whether 
collar failure was associated with mortality (e.g. collars destroyed by predators in the 
process  of  killing their prey)  or  independent of  this.  When  a  radio-collar  fails,  the 
animal in question has to be censored in the analysis; i.e. its data no longer contributes 
to survivorship calculations. A high proportion of P. occidentalis collars failed during 
this study (16 out of the 101 used) and in most situations the fate of the animal was 
unknown. However, three possums were sighted alive after their collars had failed and 
in two other cases radio-transmissions were intermittent (in live mode) for some time 
prior to failure, suggesting that the animals in question were probably still alive. Collars 
used on T. vulpecula were larger and more robust than those used on P. occidentalis 
and rarely failed. Thus it was assumed that most, if not all, P. occidentalis collar failures 
were due to technical issues with the hardware, rather than associated with mortality.  
Several  of  the  covariates  associated  with  individual  possums  were  not  measured 
without error; however, errors were assumed to be normally distributed (data were Chapter 5 – Survivorship  
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transformed as required to ensure this). However, independence of animal fates can 
be affected by missing covariate values or individual hetereogeneity, both of which 
were (or were likely to be) characteristics of the data in this study.  
5.2.4 Data structure 
Three separate analyses involving three sets of models were built to address the three 
aims listed in Section 5.1.1. Each model within a set represented one or more of the 
hypotheses  listed  in  Section  5.2.1  by  incorporating  combinations  of  the  variables 
tabulated  in  Section  5.2.2.  Each  analysis  required  a  different  data  structure,  as 
described below.  
1: Factors influencing survivorship of translocated P. occidentalis 
The  first  analysis  was  carried  out  to  investigate  factors  affecting  survivorship  of 
P. occidentalis post-translocation. Survivorship data for 67 translocated P. occidentalis 
were converted into an “encounter history” format for entry into the Known Fate 
option of Program MARK. The data were in paired binomial format for each four-week 
period, where the first position was 1 if the animal was known to be alive at the start 
of the period and 0 if it had not yet entered the study or if it had been censored from 
the interval (i.e. fate unknown throughout that interval; usually due to radio-collar 
failure). The second position of the pair was 1 if the animal died during the interval in 
question and 0 if it survived to the end of the interval. Thus an entry of 10 indicated 
that the animal was alive at both the beginning and end of the four-week period, and 
11 showed that the animal died during the period in question. Censored animals had 
00 entries for the periods in which their status was unknown. All entries for animals 
prior to entering the study or post death were also 00, so that there were no blanks in 
the data set.  
Encounter histories for the 67 translocated P. occidentalis are shown in Appendix 3a. 
The 3 digits at the end of the encounter history indicate the field site into which each 
animal  was  translocated,  i.e.:  100=Leschenault  Peninsula,  010=Martin’s  Tank  and 
001=Preston  Beach  Rd.  Encounter  histories  were  incorporated  with  individual Chapter 5 – Survivorship  
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covariate data to create the input file for analysis using Program MARK. The covariate 
values for each individual possum are shown in Appendix 3b. 
2: Initial survivorship of P. occidentalis, and summer versus winter translocation 
The second analysis, based on a subset of the translocated P. occidentalis, was carried 
out to determine i) whether survivorship of translocated P. occidentalis was lower in 
the initial months following release than in subsequent months once possums had 
established home ranges and ii) whether releasing P. occidentalis in summer/autumn 
results in lower survivorship than releasing animals in winter/spring.  
The highly staggered entry nature of the dataset used for the first analysis (Appendix 
3a)  did  not  allow  these  hypotheses  to  be  addressed  using  the  Bernoulli  model 
structure in the Known Fate option of Program MARK. However, comparison of two 
groups (or “cohorts”) of P. occidentalis translocated out of development sites, one in 
late November 2006 (period 8 of the study) and the other in July 2007 (period 16 of 
the study) was possible using Pollock’s staggered entry design (Pollock et al. 1989) 
within Program MARK.  
The data format for this analysis was slightly different from that in Appendix 3a. The 
encounter histories were the same; but instead of a single row per individual, the data 
were collated by the frequencies of encounter histories within the two cohorts.  The 
input file format is shown in Appendix 3c. Each encounter history is followed by its 
frequency in the summer and winter release cohorts. Totals of 13 and 18 possums 
were released in summer and winter respectively; all originated from (neighbouring) 
development sites. Model assumptions were the same as those discussed above.  
3: Survivorship of established P. occidentalis compared with resident T. vulpecula 
The  third  analysis  was  carried  out  to  investigate  similarities  and  differences  in 
survivorship of P. occidentalis compared to resident T. vulpecula, using the Known Fate 
option  of  Program  MARK.  Only  P. occidentalis  which  survived  for  long  enough  to 
establish  home  ranges  (3  months  or  more)  were  included,  as  the  purpose  of  the 
analysis was to investigate whether the factors included in the model set affected Chapter 5 – Survivorship  
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survivorship  of  P. occidentalis  differently  from  T. vulpecula  once  translocated 
P. occidentalis had become established.  
Encounter  histories  for  33  P. occidentalis  and  18  T. vulpecula  over  26  four-week 
periods  were  combined  with  the  individual  covariates  of  1080-baiting,  age,  sex, 
availability of grass trees, home range size, average numbers of connecting trees at 
day  and  night  locations,  and  the  number  of  different  rest  sites  used.  Encounter 
histories for the 26 four-week periods, along with the individual covariate values, are 
shown in Appendix 3d.  
The environmental covariates of mean maximum daily temperature and total rainfall 
for each four-week period (Table 5.2) were also included in this analysis. The model set 
included interactions between possum species and particular covariates that could be 
expected to act differently on each species (see next section).  
5.2.5 Candidate models and modelling approach 
1: Factors influencing survivorship of translocated P. occidentalis 
A set of a priori candidate models was formulated, based on the hypotheses previously 
outlined in Section 5.2.1. As well as incorporating each individual covariate separately 
into  models  (to  allow  ranking  of  effects  due  to  individual  factors),  some  models 
included  multiple  variables  together.  These  models  addressed  particular  questions 
based on knowledge of the species in question. For example, RBC and WBC counts may 
vary with age; therefore there might be an additive effect of age with either of these 
two covariates (e.g. same slope, different intercept for the effect due to WBC count on 
the two age groups in a linear model).  
Candidate models incorporating the individual covariates associated with each possum 
are listed in Table 5.4. Models were also built to include effects due to the external 
covariates of rainfall and temperature. Four additional models were included in the a 
priori model set in Table 5.4: i) a model with only group effects (differences between 
field sites), ii) a null model (constant survivorship), iii) a group + time-variant effects 
model, and iv) a fully time-parameterised model with interactions (group*time-variant Chapter 5 – Survivorship  
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effects).  This  final  model,  which  implicitly  fits  the  known  fate  data  perfectly,  is 
necessary  for  computation  of  model  deviances,  and  is  automatically  designed  by 
Program MARK following input of a new data set (see below).  
 
   Table 5.4  Candidate  models  (in  alphabetical  order)  constructed  to  investigate 
which  factors  most  influence  post-translocation  survivorship  of 
P. occidentalis 
Model name  Description  Justification (a priori hypothesis) 
S(.) 
Survival constant over 
time, and equal at all three 
field sites 
Sample size too small to detect the effect 
of any factor over background noise 
(natural variability among individuals). 
S(1080) 
Survival at baited sites 
different from unbaited 
sites 
Lower levels of fox predation (+ve effect) 
or increased mortality by mesopredators 
(-ve effect). 
S(Age) 
Survival of adults different 
to that of sub-adults 
Older animals more adept at avoiding 
predators or competing for territory 
S(BCI) 
Survival a linear function of 
body condition 
Animals in better condition more likely to 
survive initial energetic demands 
associated with translocation to 
unfamiliar territory. 
S(BCI+Age) 
Survival an additive 
function of body condition 
and age 
Animals in better condition more likely to 
survive energetic demands of 
translocation, and older animals able to 
settle more quickly. 
S(BCI+CBP) 
Survival an additive 
function of body condition 
and T. vulpecula numbers 
at release sites 
Animals in better condition more likely to 
survive energetic demands of both 
translocation and competition with 
T. vulpecula. 
S(BCI+Origin) 
Survival an additive 
function of body condition 
and possum origin 
Wild animals in better condition more 
likely to survive energetic demands of 
both translocation and learning to cope in 
a new site. 
S(CBP) 
Survival a linear function of 
T. vulpecula numbers at 
release site 
Competition for food or rest sites could 
affect survival. 
S(CK) 
Survival a linear function of 
creatinine kinase levels 
just prior to release 
Stress of capture may lead to increased 
CK levels which could affect survival due 
to muscle fibre damage and debilitation. 
S(Connectivity) 
Survival a linear function of 
the mean number of 
connecting trees at rest 
sites used by possums 
Lower connectivity of vegetation could 
result in possums coming to ground more 
often or being more visible to predators. 
S(g) 
Survival of possums 
different at each of the 
field sites 
Some field sites may be more suitable as 
P. occidentalis habitat than others due to 
factors other than those measured as 
covariates (e.g. foliage nutrient levels). 
S(GrassTrees) 
Survival at sites with grass 
trees different to those 
without 
P. occidentalis use grass trees as refuges 
when available, which may provide good 
protection against predators as well as 
reducing competition with T. vulpecula. Chapter 5 – Survivorship  
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S(MaxTemp) 
Survival a function of mean 
maximum daily 
temperature for each 4wk 
period 
P. occidentalis are less physiologically 
adapted to heat than to cold so might 
survive better in cooler rather than hot 
weather. 
S(MinTemp) 
Survival a function of mean 
minimum daily 
temperature  
This model was omitted, as minimum and 
maximum daily temperatures were highly 
correlated. 
S(Origin) 
Survival of possums 
originating from care 
different to those from 
development sites 
P. occidentalis that have spent time in 
care could have lower fitness or be less 
predator-aware than wild animals. 
S(Origin+Age) 
Survival an additive 
function of origin and age 
Young animals raised in care could be 
particularly disadvantaged in terms of 
fitness, predator-awareness and 
experience in defending territory. 
S(Origin*Age) 
The effect of origin on 
survival is different for 
adults and sub-adults 
Adults coming from care were likely to 
have grown up in the wild while sub-
adults were often raised in care. Thus 
adults may benefit from care (ad lib food) 
while sub-adults could be disadvantaged 
(no wild experience). Alternatively, adults 
might be disadvantaged by the stress of 
care (thus losing body condition) while 
young animals are well-fed and perhaps 
less stressed by handling. 
S(Rainfall) 
Survival a function of 
rainfall during each 4wk 
period 
P. occidentalis are known to prefer 
riparian habitats; food quality may be 
better during wetter months. 
S(Rainfall+MaxTemp) 
Survival an additive 
function of temperature 
and rainfall during each 
4wk period 
P. occidentalis are known to prefer 
riparian habitats and tolerate cold 
conditions better than hot. Food quality 
might be lowest in hot dry weather. 
S(RBC) 
Survival a linear function of 
red blood cell count at 
release 
Animals with higher red cell counts have 
enhanced oxygen carrying capacity which 
may influence survival. 
S(RBC+Age) 
Survival an additive 
function of red blood cell 
count and age 
Red cell counts are likely to vary with age, 
so the effect of a particular RBC value 
may differ between age groups. 
S(RBC+Sex) 
Survival an additive 
function of red blood cell 
count and sex 
Red cell counts are likely to vary with sex, 
so the effect of a particular RBC value 
may differ between males and females. 
S(Season) 
Survival of P. occidentalis 
translocated in winter and 
spring is different to that 
of animals released in 
summer/autumn 
P. occidentalis released in winter and 
spring might benefit from cool 
temperatures and better foliage 
condition, while those released in 
summer and autumn have to contend 
with heat and possible effects of drought 
on foliage condition. 
S(Sex) 
Survival of males is 
different to that of females 
Males might tend to disperse further, 
thus risking predation and encountering 
more competition for territory. 
S(WBC) 
Survival a linear function of 
white blood cell count at 
release 
Infection or stress could affect survival, as 
indicated by white cell levels. Chapter 5 – Survivorship  
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S(WBC+Age) 
Survival an additive 
function of white blood 
cell count and age 
White cell counts might vary with age, so 
the effect of a particular WBC value could 
differ between age groups. 
S(WBC+BCI) 
Survival an additive 
function of white blood 
cell count and body 
condition at release 
Effects of stress/infection on survival 
could be augmented by lack of body 
condition. 
S(WBC+Origin) 
Survival an additive 
function of white blood 
cell count and possum 
origin 
Immunogenic stimulation and/or stress 
levels might differ between wild 
P. occidentalis and those in care; thus 
WBC counts at release for the two groups 
could be different. 
S(WBC+RBC) 
Survival an additive 
function of white blood 
cell count and red blood 
cell count 
Presence of anaemia and stress/infection 
could have a compounded effect on 
survival. 
S(WBC+Season) 
Survival an additive 
function of white blood 
cell count and season of 
release 
The effect of WBC on survival could be 
worse in summer than winter due to 
effects of drought. 
S(WBC_quadratic) 
The relationship between 
white blood cell count and 
survival could have a 
quadratic form 
Survival could be lowered by chronic 
stress (low WBC) and also by infection 
(high WBC); thus maximum survival could 
occur at intermediate levels of WBC. 
S(t) 
Survival varies from one 
time period to the next in 
the same manner for all 
animals 
This hypothesis suggests that the changes 
in survival over time are consistent 
among animals, and that the effect is 
strong enough to be detected. This is 
unlikely, given the sample size of animals 
relative to the number of time periods, 
but is included in the model set for 
comparison with less-parameterised 
models. 
S(t+g)   
Survival varies from one 
time period to the next for 
all animals at a site, but 
differs in magnitude 
between field sites 
These highly parameterised models are 
included for completion and for 
construction of design matrices (see 
below), rather than as candidate models 
to explain survivorship. 
  S(t*g) 
Survival varies from one 
time period to the next for 
all animals at a site, but 
differs in magnitude and 
direction between field 
sites 
 
Akaike’s  Information  Criterion  corrected  for  small  sample  sizes  (AICc)  was  used  to 
select  the  most  parsimonious  model(s)  from  the  candidate  set.  Relative  AICc 
differences between the best single model and each other model in the candidate set, 
Δi, were calculated (Section 2.3.2 in Chapter 2). From these differences the relative 
likelihood  of  each  model  in  each  model  set  was  computed,  (Akaike  1983),  and Chapter 5 – Survivorship  
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normalized to  produce  a  set  of  “Akaike  weights”  where  the  Akaike  weight,  w,  for 
model i, is calculated across the set of R models as:  
R
1 r
AIC
2
1
exp
AIC
2
1
exp
r
i
i
Δ
Δ
w  
The sum of all wi values in the model set will equal 1. The ratio of the wi values for two 
competing models can be viewed as a data-based weight of evidence to quantify the 
support for one model over another; thus the evidence ratio for the best model in a 
set of models with Δi values of 0, 2, 4, 8, 10, 15 and 20 is: 
Δi  Evidence ratio in relation to best model 
2  2.7 
4  7.4 
8  54.6 
10  148.4 
15  1,808.0 
20  22,026.5 
From Burnham and Anderson  (2002) 
The  survivorship  analysis  for  the  67  translocated  P. occidentalis  was  carried  out  in 
three steps. Firstly a set of a priori models incorporating covariates, group effects and 
time-varying  effects  was  constructed  and  ranked  using  AICc.  The  AICc  differences 
(ΔAICc)  between  nested  models  with  one  or  more  covariates,  along  with  the  95% 
confidence  intervals  for  the  slope  parameters  of  the  covariate  effects,  were  then 
examined to evaluate the strength of evidence for specific effects among competing 
models.  Nested  models  containing  parameters  for  which  there  was  essentially  no 
improvement in fit due to addition of one extra parameter (ΔAICc between the simpler 
and the more highly parameterised model <2 per additional parameter) and in which 
the 95% confidence intervals for the slope parameters overlapped zero were removed 
from  the  model  set  (Burnham  and  Anderson  2002).  A  “confidence  set”  of  models 
(Burnham and Anderson 2002) was then determined (Section 5.2.6) from the reduced 
model set. Survivorship inferences for each field site were based on all the models in 
the confidence set and incorporated model averaging (Section 5.2.6) in order to take Chapter 5 – Survivorship  
  214 
into  account  model  selection  uncertainty  in  estimates  of  precision  (Burnham  and 
Anderson 2002).  
An a posteriori model was created after the initial analysis had taken place. This model 
included an additive effect of the covariates from the top two models in the a priori 
candidate  set.  This  model,  which  made  biological  sense,  was  added  to  the  initial 
confidence set to determine whether it was better supported than either/both of the 
single  effect  models  or  not.  A  post-hoc  analysis  was  also  carried  out  to  further 
investigate the findings from the initial analyses in an attempt to shed more light on 
the biological interpretation of the results obtained. These final two analyses could be 
classed as “data dredging” (Burnham and Anderson 2002); however, the findings from 
them  were  only  used  to  develop  further  hypotheses  for  future  experimental 
investigation (Section 5.3.1).  
The a priori model set was built in Program MARK following input of P. occidentalis 
encounter histories and associated covariates. Linear models are applied in Program 
MARK through use of design matrices (Cooch 2001). The linear models used in this 
study were of the form: 
Logit ( ) =   
Where   is a vector of survival probabilities,  a vector of parameters (intercept and 
slopes),  and  a  covariate  matrix  with  dummy  elements  coding  for  categorical 
variables and/or values of independent variables (the covariates in this analysis (Cooch 
2001). The components of  (the design matrix in Program MARK) are chosen by the 
user to include or exclude parameters of interest.  
After data input, Program MARK creates a design matrix based on the saturated (fully 
time and group dependent) model, which serves as the basis for creation of alternative 
models representing the hypotheses of interest. The design matrix consists of columns 
and rows where the columns correspond to the individual parameters included in the 
model and each row represents a different level of the main effect being estimated 
(Cooch 2001); in this case, survival at one field site over one four-week period.  Chapter 5 – Survivorship  
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The  design  matrix  is  easily  modified  to  create  models  with  reduced  numbers  of 
parameters, for example a group effect on its own with constant survival across time 
or a constant survival model where survival is independent of both group and time. 
Covariates are incorporated into the design matrix as individual columns and can be 
combined  with  group  effects  or  with  other  covariates.  The  covariate  name  that 
appears in the matrix links back to the data in the input file, and Program MARK allows 
either  particular  values  or  mean  values  of  variables  to  be  used  in  calculations  of 
survivorship estimates. 
Data values for external covariates (temperature, rainfall) are entered directly into the 
design  matrix,  since  they  vary  over  the  same  time  periods  as  represented  by  the 
matrix. Individual covariates can also be coded to vary by time period, but such models 
were  not  considered  biologically  relevant  and  thus  were  not  included  here. 
Interactions between covariates are also possible and require one extra column for the 
product (one parameter). Only one such model was included in the set to assess the 
effect of the interaction between possum origin and age (Table 5.4).  
Model  nomenclature  was  in  the  general form recommended for users  of  Program 
MARK (White and Burnham 1999). “S” was used to designate survival (the dependent 
variable  in  all  models), S(t)  designated  a  time-dependent  model,  S(g)  designated  a 
model with a group effect (i.e. differences between field sites), and S(.) designated the 
constant survival model with no effects of time, group or any covariates. Descriptive 
names for individual covariates were used.  
2: Summer versus winter translocation, and initial survivorship of P. occidentalis 
Once again the data were analysed using the Known Fate option in Program MARK. 
The software recognises the data format in Appendix 3c as two groups of individuals 
and  allows  models  to  be  built  that  compare  groups  and  investigate  differences  in 
survivorship  over  time.  Models  were  formulated  based  on  the  hypotheses  listed 
below: 
1.  That survivorship of P. occidentalis released in winter is greater than that of those 
released in summer. Chapter 5 – Survivorship  
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2.  That survivorship in month 1 after release is lower than subsequent survivorship. 
3.  That  survivorship  in  months  1  and  2  after  release  is  lower  than  subsequent 
survivorship. 
4.  That  survivorship  in  months  1,  2  and  3 after  release  is  lower  than  subsequent 
survivorship. 
5.  That survivorship in summer months is lower than in winter months. 
The  set  of  a  priori  models  formulated  to  test  these  hypotheses  are  named  and 
described in Table 5.5. Models were ranked according to AICc and model selection 
uncertainty  was  taken  into  account  when  interpreting  the  results  (Burnham  and 
Anderson 2002).  
 
Table 5.5    Candidate  models  (in  alphabetical  order)  and  their  corresponding                       
descriptions 
Model name  Description 
S(.)  Survival identical for both cohorts and constant over time 
S(g)  Survival differing between cohorts but constant over time 
S(M1, M2==M19) 
Survival different in the first month, then constant. No difference 
between cohorts 
S(M1=M2, M3==M19) 
Survival has one value for the first 2 months, then a different 
value for the remainder. No difference between cohorts 
S(M1=M2=M3, M4==M19) 
Survival has one value for the first 3 months, then a different 
value for the remainder. No difference between cohorts 
S(summer,winter) 
Survival has one value in winter months and another value in 
summer months. No difference between cohorts 
S(g+(M1, M2==M19)) 
Survival  different  in  the  first  month,  then  constant.  Cohorts 
differ from one another by a constant amount 
S(g+(M1=M2, M3==M19)) 
Survival has one value for the first 2 months, then a different 
value for the remainder. Cohorts differ from one another by a 
constant amount 
S(g+(M1=M2=M3, M4==M19)) 
Survival has one value for the first 3 months, then a different 
value for the remainder. Cohorts differ from one another by a 
constant amount 
S(g*(M1, M2==M19)) 
Survival  different  in  the  first  month,  then  constant.  Cohorts 
differ from one another by variable amounts 
S(g*(M1=M2, M3==M19)) 
Survival has one value for the first 2 months, then a different 
value  for  the  remainder.  Cohorts  differ  from  one  another  by 
variable amounts Chapter 5 – Survivorship  
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S(g*(M1=M2=M3, M4==M19)) 
Survival has one value for the first 2 months, then a different 
value  for  the  remainder.  Cohorts  differ  from  one  another  by 
variable amounts 
S(g*(summer,winter)) 
Survival has one value in winter months and another value in 
summer  months.  Cohorts differ  from one another by variable 
amounts 
S(t) 
Survival  varies  from  month  to  month.  No  difference  between 
cohorts 
S(g*t)  Survival varies from month to month differently for each cohort 
 
Building  of  these  models  in  Program  MARK  involved  the  use  of  Parameter  Index 
Matrices (PIMs) as well as design matrices. The PIM is an alternative method of coding 
the model design and is particularly useful when dealing with cohorts of animals 
(Cooch and White 2009). Survival over each time period is numerically coded, using 
different integers to denote differences in survival, and the same integer over multiple 
periods to constrain survival to be constant for those intervals. Similarly, cohorts can 
be coded as different or constrained to have identical survival rates.  Modification of 
such models to remove the interaction term (to create a purely additive effect of time 
and cohort) requires use of the design matrix instead of the PIM.  
 
3: Survivorship of established P. occidentalis compared with resident T. vulpecula 
Survivorship of established P. occidentalis and resident T. vulpecula was modelled in 
relation  to  the  covariates  shown  previously  in  Appendix  3d.  Analyses  were  again 
carried  out  using  the  Known  Fate  option  in  Program  MARK.  The  set  of  a  priori 
candidate models used to test the relevant hypotheses is shown in Table 5.6.  
Model construction used design matrices similar to those described for the first set of 
analyses. Models were ranked using AICc and examined as previously described to 
evaluate the strength of evidence for specific effects. Model averaging was used to 
take into account model selection uncertainty (see below).  
 
Table 5.6  Candidate models (in alphabetical order) constructed to investigate factors 
influencing  survival  of  established    P. occidentalis  and  T. vulpecula,    and Chapter 5 – Survivorship  
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their corresponding descriptions 
Model name  Description 
S(.)   Survival constant over time, and equal for both species 
S(1080)  
Survival a function of whether the possum was in a baited or an unbaited 
site; no difference between species 
S(Age)  
Survival of adults different to that of sub-adults; no difference between 
species 
S(DayConn)  
Survival a linear function of the mean number of connecting trees at rest 
sites used by each possum; no difference between species 
S(DayDiff)  
Survival a linear function of the number of different rest sites used by 
each possum; no difference between species 
S(GrassTrees)  
Survival of possums at sites with grass trees different to those at sites 
without; no difference between possum species 
S(Home Range)  
Survival a function of home range size; no difference between possum 
species 
S(MaxTemp)  
Survival a function of mean maximum daily temperature for each 4wk 
period; no difference between possum species 
S(NightConn)  
Survival  a  linear  function  of  the  mean  number  of  connecting  trees  at 
nocturnal  locations  at  which  possums  were  observed;  no  difference 
between species 
S(Rainfall)  
Survival  a  function  of  rainfall  during  each  4wk  period;  no  difference 
between possum species 
S(Sex)  
Survival of males is different to that of females; no difference between 
possum species 
S(species)  
Survival is different for P. occidentalis than for T. vulpecula, but constant 
over time 
S(species+1080)  
Survival a function of whether the possum was in a baited or an unbaited 
site; survival differs between species, but baiting affects both species in 
the same manner 
S(species*1080)  
Survival a function of whether the possum was in a baited or an unbaited 
site; baiting affects each species differently 
S(species+Age)  
Survival  of  adults  different  to  that  of  sub-adults  and  also  different 
between species 
S(species+DayConn)  
Survival a linear function of the mean number of connecting trees at rest 
sites  used  by  each  possum;  survival  differs  between  species,  but  both 
species affected in the same manner 
S(species*DayConn)  
Survival a linear function of the mean number of connecting trees at rest 
sites used by each possum; species affected differently 
S(species+DayDiff)  
Survival a linear function of the number of different rest sites used by 
each possum; survival differs between species, but both species affected 
in the same manner 
S(species*DayDiff)  
Survival a linear function of the number of different rest sites used by 
each possum; species affected differently 
S(species+GrassTrees)  
Survival a function of whether grass trees were available or not; survival 
differs between species, but grass tree availability affects both species in 
the same manner 
S(species*GrassTrees)  
Survival a function of whether grass trees were available or not; grass tree 
availability affects each species differently 
S(species+Home Range)  
Survival a function of home range size; survival differs between species, 
but both species affected in the same manner Chapter 5 – Survivorship  
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S(species*Home Range)   Survival a function of home range size; species affected differently 
S(species+MaxTemp)  
Survival a function of mean maximum daily temperature for each 4wk 
period; survival differs between species, but both species affected in the 
same manner 
S(species*MaxTemp)  
Survival a function of mean maximum daily temperature for each 4wk 
period; species affected differently 
S(species+NightConn)  
Survival  a  linear  function  of  the  mean  number  of  connecting  trees  at 
nocturnal  locations  at  which  possums  were  observed;  survival  differs 
between species, but both species affected in the same manner 
S(species*NightConn)  
Survival  a  linear  function  of  the  mean  number  of  connecting  trees  at 
nocturnal  locations  at  which  possums  were  observed;  species  affected 
differently 
S(species+Rainfall)  
Survival  a  function  of  rainfall  during  each  4wk  period;  survival  differs 
between species, but both species affected in the same manner 
S(species*Rainfall)  
Survival a function of rainfall during each 4wk period; species affected 
differently 
S(species+Sex)  
Survival of males different to that of females and also different between 
species 
S(t)  
Survival varies from one time period to the next in the same manner for 
all animals 
S(t+species)  
Survival varies from one time period to the next; survival differs between 
species in a constant manner 
S(t*species)  
Survival  varies  from  one  time  period  to  the  next;  differences  between 
species are not constrained to be the same 
 
5.2.6 Model averaging 
The  use  of  model  averaging  to  obtain  parameter  estimates  takes  into  account 
uncertainty in model selection, particularly when there are a number of competing 
models with similar Akaike weights. Use of a single “best” model for inference is not 
recommended unless it is much better supported than any other model in the set (i.e. 
having an Akaike weight of >0.9). This is because the model estimated to be “best” is 
likely to vary from data set to data set unless the particular effect in question is very 
strong.  Choice  of  which  models  to  include  in  the  averaging  process  is  somewhat 
subjective.  
Burnham  and  Anderson  (2002,  pp169-171)  suggest  three  methods  for  choosing  a 
“confidence set” of best models: i) the set of models whose Akaike weights sum to just 
≥ 0.95,  ii) Those whose Δi values are ≤ some value in the range 4-7 (moderate to 
substantial  support),  and  iii)  models  having  a  relative  likelihood  (evidence  ratio) Chapter 5 – Survivorship  
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greater than ≈ 1/8 (0.125).  Each of these approaches will result in slightly different 
cut-off points and thus inclusion of differing numbers of models in the confidence set. I 
used the presence of obvious break points, within the range of possible values derived 
from  these  three  methods,  to  choose  my  confidence  set  of  models  for  model 
averaging.  
The model averaging process (automated in Program MARK) provides a survivorship 
estimate weighted by the relative degree of support for each model in the set. The 
standard error of the model-averaged estimate reflects both the standard error from 
each model as well as the degree of congruence between model-specific survivorship 
estimates. Thus a high degree of model selection uncertainty will be reflected in larger 
standard  errors  of  model-averaged  parameter  estimates.  The  model  averaged 
survivorship estimate is simply a weighted average of the estimates from each model: 
R
1 i
i i α θ w θ ˆ ˆ  
where θα represents survivorship and ωi the AICc weights for models i to R. The model 
averaged variance estimator, known as the “unconditional variance estimator” is: 
2 R
1 i
2
α i i i i θ θ M       θ r a v w θ r a v ˆ ˆ ˆ ˆ ˆ ˆ ˆ
2 R
1 i
2
α i i i i θ θ M       θ r a v w θ r a v ˆ ˆ ˆ ˆ ˆ ˆ ˆ
 
where the first component within the square root notation is the estimated variance 
associated with each model (i.e. the estimated variance of estimate i, given Model i), 
and the second term reflects how much the parameter estimate from each model 
differs from the mean weighted estimate. One minus the ratio of the weighted and 
unconditional variance estimates provides the percent of overall estimate variation 
that is attributable to the fact that different models give different estimates for the 
same parameter.  Chapter 5 – Survivorship  
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5.3 RESULTS 
5.3.1 Factors influencing survivorship of translocated P. occidentalis 
a) Model ranking 
The  output  from  Program  MARK  for  the  candidate  set  of  models  developed  to 
investigate  factors  likely  to  influence  survivorship  of  translocated  P. occidentalis  is 
shown  in  Table  5.7.  Models  are  ranked  by  AICc.  Also  shown  in  this  table  are  the 
differences in AICc between the “best” model and each other model (ΔAICc), Akaike 
weights, evidence ratios, number of parameters in each model and model deviances.  
Models with the greatest support (∆AICc ≤ 2) were those that included the covariates 
of WBC prior to release and T. vulpecula population size at the release site (CBP). The 
model in which survivorship was a function of WBC alone was the top model in the 
candidate  set.  The  relationship  between  survivorship  and  WBC  was  negative,  i.e. 
survivorship  tended  to  decrease  as  WBC  increased  (slope  coefficient:  -0.305,  SE: 
0.116).  
The  evidence  ratio  for  the  second  model  (CBP),  with  ∆AICc  of  0.768)  was  1.47  in 
comparison to the top model; thus it was considered a close competitor. Like WBC, the 
relationship between survivorship and CBP was negative, i.e. the higher T. vulpecula 
population size, the lower the survivorship of P. occidentalis (slope coefficient: -0.073, 
SE: 0.029).  
The other models within ∆AICc ≤ 2 of the top model all included WBC in addition to 
other  parameters.  Closer  inspection  of  the  deviances  of  these  competing  models 
showed no evidence that the additional parameters were important in the models. In 
addition, the 95% confidence intervals of the slope coefficients for all the additional 
parameters included zero. The same was the case for all other models that contained 
covariates in addition to WBC or CBP. Thus all these models were removed from the 
final set of models used for model averaging.  Chapter 5 – Survivorship  
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 Model AICc
Delta 
AICc
AICc 
Weights
Model 
Likelihood
Evidence 
Ratio
N 
Parameters
Deviance
 S(WBC)  260.91 0.00 0.17 1.00 1.00 2 256.88 *
 S(CBP)  261.68 0.77 0.11 0.68 1.47 2 257.64 *
 S(WBC+Season)  261.76 0.85 0.11 0.65 1.53 3 255.69
 S(WBC+Origin)  261.98 1.06 0.10 0.59 1.70 3 255.90
 S(WBC+Age)  262.22 1.31 0.09 0.52 1.92 3 256.14
 S(WBC+RBC)  262.27 1.35 0.08 0.51 1.97 3 256.19
 S(WBCquadratic)  262.41 1.50 0.08 0.47 2.12 3 256.34
 S(WBC+BCI)  262.95 2.04 0.06 0.36 2.77 3 256.88
 S(BCI+CBP)  263.69 2.77 0.04 0.25 4.00 3 257.61
 S(1080)  265.28 4.37 0.02 0.11 8.89 2 261.25 *
 S(.)  265.82 4.91 0.01 0.09 11.61 1 263.81 *
 S(Origin)  265.90 4.99 0.01 0.08 12.09 2 261.86 *
 S(Season)  266.15 5.23 0.01 0.07 13.68 2 262.11 *
 S(Age)  266.18 5.26 0.01 0.07 13.89 2 262.14 *
 S(MaxTemp)  267.03 6.12 0.01 0.05 21.32 2 263.00
 S(Connect)  267.13 6.22 0.01 0.04 22.37 2 263.09
 S(g)  267.16 6.25 0.01 0.04 22.78 3 261.09
 S(GrassTrees)  267.25 6.33 0.01 0.04 23.75 2 263.21
 S(Rainfall)  267.28 6.36 0.01 0.04 24.10 2 263.24
 S(Origin+Age)  267.33 6.42 0.01 0.04 24.75 3 261.26
 S(CK)  267.34 6.43 0.01 0.04 24.88 2 263.30
 S(RBC)  267.55 6.64 0.01 0.04 27.70 2 263.52
 S(BCI+Origin)  267.70 6.79 0.01 0.03 29.76 3 261.63
 S(BCI)  267.83 6.92 0.01 0.03 31.75 2 263.79
 S(Sex)  267.84 6.93 0.01 0.03 31.95 2 263.80
 S(RBC+Age)  268.01 7.10 0.00 0.03 34.84 3 261.94
 S(BCI+Age)  268.19 7.28 0.00 0.03 38.02 3 262.12
 S(Rainfall+MaxTemp)  269.06 8.15 0.00 0.02 58.82 3 262.99
 S(Origin*Age)  269.22 8.31 0.00 0.02 63.69 4 261.09
 S(RBC+Sex)  269.55 8.64 0.00 0.01 75.19 3 263.47
 S(t+g)  279.86 18.95 0.00 0.00 10000 28 218.30
 S(t)  280.44 19.53 0.00 0.00 10000 26 223.66
 S(t*g)  378.48 117.57 0.00 0.00 >10000 78 171.56
Table 5.7 Program MARK output ranked by AICc for a priori models investigating factors
affecting P. occidentalis survivorship. See Table 5.4 for model descriptions. Asterisks
indicate models retained for model averaging (see text)
 
 
Models including any single covariate except WBC, CBP or 1080 received less support 
than the null model, S(.), which had a ∆AICc of 4.906. The S(1080) model had a ∆AICc of 
4.370, little better than the null model, S(.), and an evidence ratio of 8.5 in comparison 
to the top model, S(WBC). Survivorship was higher at the unbaited site than at the 
1080-baited ones but the 95% confidence interval of the slope coefficient for 1080 Chapter 5 – Survivorship  
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included zero, indicating that the 1080-baiting effect on P. occidentalis survivorship 
was small.  
White  cell  count  and  T. vulpecula  population  size  were  the  two  covariates  whose 
relationships with post-translocation survivorship were most strongly supported by the 
data in this study. A model containing a combination of these two effects was not 
included in the original a priori model set. However, such a model could make sense 
biologically, e.g. the negative effect of high WBC, if due to stress or immuno-reactivity, 
might be exacerbated by the stress of competition with T. vulpecula; therefore, an a 
posteriori model, S(WBC+CBP), was added to the confidence set of models. This model 
did indeed turn out to be the “best” model (Table 5.8), but inferences should be drawn 
cautiously, as this step in the analytical process could be viewed as “data dredging” 
(Burnham and Anderson 2002).  
 
Model AICc
Delta 
AICc
AICc 
Weights
Model 
Likelihood
Evidence 
Ratio
N 
Parameters
Deviance
S(WBC+CBP) 257.26 0.00 0.75 1.00 1.00 3 251.18
S(WBC) 260.91 3.65 0.12 0.16 6.21 2 256.88
S(CBP) 261.68 4.42 0.08 0.11 9.12 2 257.64
S(1080) 265.28 8.02 0.01 0.02 55.25 2 261.25
S(.) 265.82 8.56 0.01 0.01 71.94 1 263.81
S(Origin) 265.90 8.64 0.01 0.01 75.19 2 261.86
S(Season) 266.15 8.89 0.01 0.01 84.75 2 262.11
S(Age) 266.18 8.92 0.01 0.01 86.21 2 262.14
Table 5.8 Program MARK output when the S(WBC+CBP) model is added to the
confidence set of supported models.
 
 
Despite the need for caution in accepting the S(WBC+CBP) model as valid, the fact that 
it combines the only two covariates whose 95% confidence intervals of their slope 
coefficients did not include zero, makes it a useful model with which to examine the 
combined effects of these parameters on predicted survivorship over the ranges of 
values of the two covariates in the study population.  
For the set of 67 P. occidentalis, the WBC prior to release ranged between 1.7 and 10.2 
x10
9 cells/L, averaging 5.28 x10
9 cells/L. The CBP values ranged from 15.76 to 34.32 
possums, averaging 22.4 overall. Survivorship estimates from the S(WBC+CBP) model Chapter 5 – Survivorship  
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were derived for two levels of CBP: 16 and 32 (representative of the actual range of 
values), and five levels of WBC: 2, 4, 6, 8 and 10 x10
9 cells/L (also representative of the 
actual  range  of  values).  These  results  are  presented  in  Fig.  5.1,  along  with  the 
survivorship  estimate  for  the  average  values  of  these  parameters  in  the  study. 
Although the confidence intervals widen as both WBC and CBP increase (Fig. 5.1), the 
overall pattern is one of diminishing survival rate as both values rise.  
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Figure  5.1  Predicted  four-weekly  survival  rates  of  translocated 
P. occidentalis from the S(WBC+CBP) model for a range of white cell counts 
at two levels of CBP population size. The study average for mean WBC and 
CBP values is also shown. Error bars represent standard errors. 
 
b) Model averaging 
Although  it  appeared  convincing,  the  S(WBC+CBP)  model  was  not  included  in  the 
model averaging process to determine estimates of survival rates for each field site, as 
it was not originally included in the a priori model set. The confidence set of models for 
model averaging was chosen based on the methods described in Section 5.2.6. The 
most obvious break point in the evidence ratios, within the range of possible cut-off 
values from the three methods, was between the S(Age) and S(MaxTemp) models in Chapter 5 – Survivorship  
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Table 5.7. The S(Origin), S(Season) and S(Age) models were included in the confidence 
set but, due to their low likelihoods relative to the top models, the contribution of 
these  covariates  to  the  average  survival  rates  of  translocated  P. occidentalis  were 
small.  
The confidence model set (without the a posteriori S(WBC+CBP) model) is shown in 
Table 5.9. The model statistics in this table are the same as those of the asterisked 
models in Table 5.7 except for the AICc weights, which sum to one and therefore vary 
depending on which models are included in the set.  
 
Model AICc
Delta 
AICc
AICc 
Weights
Model 
Likelihood
Evidence 
Ratio
N 
Parameters
Deviance
S(WBC)  260.91 0.00 0.47 1.00 1.00 2 256.88
S(CBP)  261.68 0.77 0.32 0.68 1.47 2 257.64
S(1080)  265.28 4.37 0.05 0.11 8.89 2 261.25
S(.)  265.82 4.91 0.04 0.09 11.61 1 263.81
S(Origin)  265.90 4.99 0.04 0.08 12.09 2 261.86
S(Season)  266.15 5.23 0.03 0.07 13.68 2 262.11
S(Age)  266.18 5.26 0.03 0.07 13.89 2 262.14
Table 5.9 Program MARK output for the sub-set of supported models ranked by delta
AICc. Strength of evidence for each model is indicated by the evidence ratio in
relation to the top model (WBC), and illustrates the degree of model selection
uncertainty present.
 
 
Slope coefficients for the parameters in each of the models in the reduced set, along 
with survivorship estimates for each model for all field sites combined, are provided in 
Table 5.10. The survivorship estimates provided in this table for the S(WBC) and S(CBP) 
models are based on average values of these covariates (5.28 x10
9 cells/L and 22.4 
possums respectively).  
Two survivorship estimates are provided for each of the models that contain binomial 
covariates, one for each value of the covariate. The only model in the final set that 
suggested a difference between field sites was the S(1080) model; thus for this model 
the two survivorship estimates represent baited and unbaited sites, i.e.: one value for 
Martins’ Tank  and  another value for Leschenault Peninsula and Preston Beach Rd Chapter 5 – Survivorship  
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combined. Estimates of survival rates from all other models are identical among field 
sites because no site-specific covariates were included in them.  
 
Model Covariates
Slope co-
efficient
SE SE
S(WBC)  White cell count -0.305 0.116 Average WBC 0.853 0.020
S(CBP) 
Brushtail possum 
population size
-0.073 0.029 Average CBP 0.851 0.020
Baited sites 0.830 0.028
Unbaited site 0.892 0.026
S(.)  No covariates 0.857 0.020
Ex-development site 0.875 0.022
Ex-care 0.814 0.039
Autumn/winter release 0.876 0.023
Spring/summer release 0.821 0.036
Adult 0.870 0.021
Sub-adult 0.806 0.048
0.425 0.324
0.478 0.361
Survival rate (over 4 wks) for 
given covariate value
-0.529 0.337
Table 5.10 Estimates of slope coefficients for the parameters in the confidence set of
models, and 4-weekly survival estimates (all field sites combined) for each model using
the covariate values indicated.
S(Season) 
S(Age)
1080-baiting
Possum origin
Season of release
Age at release
0.330
S(1080) 
0.467 S(Origin) 
 
 
Model averaging of the seven models in  Table 5.9  was carried out using average 
parameter  estimates  for  each  of  the  field  sites  to  determine  model -averaged 
survivorship estimates for each site. The average covariate values for each site are 
shown in Table 5.11, and the survivorship estimates are graphed by site in Fig. 5.2.  
 
Leschenault 
Peninsula
Martin's 
Tank
Preston 
Beach Rd
WBC 5.21 5.34 5.32
CBP 24.23 16.13 28.82
1080    (1=baited, 0=unbaited) 1 0 1
Origin   (1= development site, 0=care) 0.63 0.57 0.71
Season (1=autumn/winter, 0=spring/summer) 0.53 0.65 0.50
Age       (1=adult, 0=sub-adult) 0.80 0.74 0.71
Average value
Table 5.11 Average values of covariates in the final model set for each field site
Covariate
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The  four-weekly  model-averaged  survivorship  estimates  (±  unconditional  SE)  for 
Leschenault Peninsula, Martin’s Tank and Preston Beach Rd were 0.847 (ﾱ0.024), 0.869 
(±0.031)  and  0.828  (±0.044)  respectively  (Fig.  5.2).  The  magnitudes  of  the 
unconditional  standard  errors  varied  between  field  sites,  reflecting  the  differing 
percentages of variation due to model selection uncertainty at each location (Burnham 
and  Anderson  2002).  The  percentages  of  variation  attributable  to  model  selection 
uncertainty  for  Leschenault  Peninsula,  Martin’s  Tank  and  Preston  Beach  Rd  were 
21.85%, 54.42% and 60.61% respectively. Not surprisingly, model selection uncertainty 
was greatest for the site into which fewest P. occidentalis had been translocated, and 
least for the site which had received the most animals.  
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Figure  5.2  Model-averaged  four-weekly  survivorship  estimates  for 
P. occidentalis translocated into Leschenault Peninsula, Martin’s Tank and 
Preston  Beach  Road.  Estimates  were  calculated  using  average  values  of 
each covariate for each site.  
 
It should be noted that while the above survivorship estimates were derived using 
average  covariate  values  for  each  site,  survivorship  estimates  for  each  individual 
animal will depend on its actual covariate values. There would thus be a large range of 
individual  survivorship  estimates,  each  with  a  standard  error  indicative  of  how  far 
removed  from  the  population  average  the  animal’s  combined  covariates  were. Chapter 5 – Survivorship  
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Although  the  purpose  of  modelling  was  to  determine  which  factors  most  affected 
survivorship at the population level, individual covariate values may become relevant 
when selecting suitable animals for translocation. The high percentages of variation 
due to model selection uncertainty reflect the fact that no one model was greatly 
supported over the rest; this in turn suggests that model ranking might turn out to be 
quite different if the study were repeated for different animals over a different period 
in time.  
c) Post-hoc analysis – investigation of WBC effect 
A post-hoc analysis was carried out to investigate which component of the WBC was 
most responsible for the effect demonstrated in the previous sections. The total WBC 
is  a  sum  of  the  counts  of  neutrophils,  lymphocytes,  eosinophils,  monocytes  and 
basophils.  In  most  P. occidentalis  the  dominant  white  cell  type  is  the  lymphocyte 
(Chapter  3).  Neutrophils  are  generally  the  second  most  common,  followed  by 
eosinophils, then monocytes and basophils. The average lymphocyte:neutrophil ratio 
(L:N) for the translocated possums in this study was 2.5. Lymphocytes and neutrophils 
made up 67% and 27% of the total WBC respectively.  
An analysis was carried out in Program MARK to determine whether the effect of WBC 
on survivorship was due to either of these predominant cell types rather than to the 
overall  count.  Lymphocyte  (L)  and  neutrophil  (N)  counts  were  incorporated  as 
covariates, as was the L:N ratio, which is sometimes used as a measure of chronic 
stress (low L) or evidence of bacterial infection (high N). Heart rate (HR) immediately 
post-induction was also included to see if there was any evidence that the WBC effect 
might be due to epinephrine (adrenaline) release at the time of sampling; such an 
effect might be reflected in high HR.  
Models were run in conjunction with those in the model averaged set (Table 5.9) to 
determine their relative rankings. The additional models were named S(Lymphocytes), 
S(Neutrophils), S(L:N), S(HR) and S(Lymphocytes+ Neutrophils). The model output is 
shown in Table 5.12.  
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Model AICc Delta AICc
AICc 
Weights
Model 
Likelihood
Evidence 
Ratio
N 
Parameters
Deviance
S(WBC) 260.91 0.00 0.32 1.00 1.00 2 256.88
S(CBP) 261.68 0.77 0.22 0.68 1.47 2 257.64
S(Lymph) 262.41 1.50 0.15 0.47 2.12 2 258.38
S(Lymph+Neut) 262.84 1.92 0.12 0.38 2.62 3 256.76
S(1080) 265.28 4.37 0.04 0.11 8.89 2 261.25
S(.) 265.82 4.91 0.03 0.09 11.61 1 263.81
S(Origin) 265.90 4.99 0.03 0.08 12.09 2 261.86
S(Season) 266.15 5.23 0.02 0.07 13.68 2 262.11
S(Age) 266.18 5.26 0.02 0.07 13.89 2 262.14
S(Neut) 267.21 6.29 0.01 0.04 23.26 2 263.17
S(L:N) 267.54 6.63 0.01 0.04 27.47 2 263.50
S(HR) 267.57 6.66 0.01 0.04 27.93 2 263.54
Table 5.12 Program MARK output for the confidence model set with the addition of
models created to investigate effects of the different white cell components (bold).
Models are ranked by delta AICc and evidence ratios are shown.
 
 
The model that included the white cell count as a whole, S(WBC), was still ranked as 
the “best” model. Of the white cell components, the lymphocyte count ranked much 
higher than either the neutrophil count or the L:N ratio. The slope coefficient for the 
S(Lymphocyte) model was -0.290 (SE 0.124) and the 95% confidence interval for this 
slope did not include zero. 
The model incorporating both neutrophils and lymphocytes was only slightly less well 
supported  than  the  lymphocyte  only  model  (ΔAICc<2)  suggesting  that  the  additive 
combination of both cell types might be important, although the main effect is due to 
the lymphocytes, which are, in most cases, the dominant white cell.  
The  model  incorporating  heart  rate  at  the  time  of  sampling  was  not  at  all  well 
supported, probably due to the fact that HR is highly variable within individuals for a 
variety of reasons. Neither was the L:N ratio a useful predictor of survivorship, which 
implies that absolute cell counts are more important than the ratio of cell types. The 
interpretation of these results is further discussed in Section 5.4.1. Chapter 5 – Survivorship  
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5.3.2  Summer  versus  winter  translocation  and  initial  survival  of 
P. occidentalis 
a) Model ranking 
The model output from Program MARK for the models run on the two cohorts of 
P. occidentalis released in summer versus winter (Table 5.5) is shown in Table 5.13. 
The S(.) model was ranked highest by delta AICc; however, five other models were 
within 2 AICc of the S(.) model, suggesting similar levels of support for these.  
 
Model AICc
Delta 
AICc
AICc 
Weights
Model 
Likelihood
Evidence 
Ratio
N 
Parameters
Deviance
S(.) 132.49 0.00 0.24 1.00 1.00 2 29.84
S(M1=M2=M3, M4==M19) 134.00 1.51 0.11 0.47 2.12 3 29.27
S(g) 134.30 1.81 0.10 0.41 2.47 3 29.57
S(g*(M1=M2, M3==M19)) 134.36 1.87 0.09 0.39 2.55 5 25.42
S(M1=M2, M3==M19) 134.39 1.89 0.09 0.39 2.58 3 29.66
S(summer,winter) 134.46 1.96 0.09 0.38 2.67 3 29.73
S(M1, M2==M19) 134.54 2.04 0.08 0.36 2.78 3 29.81
S(g+(M1=M2=M3, M4==M19)) 135.73 3.23 0.05 0.20 5.04 4 28.91
S(g*(summer,winter)) 136.14 3.64 0.04 0.16 6.18 5 27.19
S(g+(M1=M2, M3==M19)) 136.19 3.69 0.04 0.16 6.34 4 29.37
S(g+(M1, M2==M19)) 136.37 3.88 0.03 0.14 6.95 4 29.55
S(g*(M1=M2=M3, M4==M19)) 136.87 4.38 0.03 0.11 8.94 5 27.93
S(g*(M1, M2==M19)) 137.33 4.84 0.02 0.09 11.22 5 28.39
S(t) 150.75 18.25 0.00 0.00 10000 20 6.71
S(g*t) 174.46 41.97 0.00 0.00 >10000 31 0.00
Table 5.13 Program MARK output for the candidate model set from Table 5.5. Models are
ranked by delta AICc, and evidence ratios are shown.  
 
 
Confidence intervals for slope parameters of all models other than S(.) included zero, 
and likelihood ratio tests between this and all other models were not significant at the 
α=0.05 level. Thus the overall evidence for any of the hypothesised effects was weak. 
Given the small sample size of possums and the high level of variability in survival rates 
among animals, this was perhaps not surprising.  
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b) Model averaging 
All models, except the two most highly parameterised ones, which ranked well below 
the  rest  in  Table  5.13,  were  included  in  model  averaging.    The  model-averaged 
estimated  four-weekly  survival  rates  for  both  cohorts  of  translocated  possums  are 
shown  in  Fig.  5.3  in  comparison  with  the  estimates  from  the  S(.)  model  alone. 
Confidence intervals were widest for the model averaged estimates; contributions of 
model selection uncertainty to the variances ranged from 32-52% and 14-24%, for the 
summer and winter release cohorts respectively.  
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Figure 5.3 a) Model-averaged estimates of four-weekly survivorship of P. occidentalis 
and b) survivorship estimates from the S(.) model. Error bars indicate standard errors 
and include variance due to model selection uncertainty in a). Survival periods were 
allocated to summer/autumn or winter/spring and are in chronological order.  
 
5.3.3 Survivorship of established P. occidentalis compared with resident 
T. vulpecula 
a) Model ranking 
The  AICc  rankings  of  the  models  in  the  set  used  to  investigate  differences  in 
survivorship between established P. occidentalis and resident T. vulpecula are shown in 
Table 5.14. The model ranking showed a clear difference in survivorship between the Chapter 5 – Survivorship  
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species;  this  was  expected,  given  the  encounter  histories.  The  evidence  ratio  in 
support of the S(species) model compared to the S(.) model was 0.156/0.002 (=78), 
which indicates strong support for a species effect.  
 
Model AICc
Delta 
AICc
AICc 
Weights
Model 
Likelihood
Evidence 
Ratio
N 
Parameters
Deviance
S(species*MaxTemp)  189.89 0.00 0.35 1.00 1.00 4 181.80 *
S(species+MaxTemp)  191.63 1.74 0.15 0.42 2.39 3 185.58 *
S(species*Rainfall)  192.97 3.08 0.08 0.21 4.66 4 184.88 *
S(species+Rainfall)  192.98 3.09 0.07 0.21 4.69 3 186.93 *
S(species*HomeRange)  193.06 3.17 0.07 0.20 4.89 4 184.98 *
S(species)  193.60 3.71 0.05 0.16 6.40 2 189.58 *
S(species+DayDiff)  195.32 5.43 0.02 0.07 15.11 3 189.27
S(species+NightConn)  195.37 5.48 0.02 0.06 15.48 3 189.32
S(species+DayConn)  195.39 5.50 0.02 0.06 15.63 3 189.34
S(species+HomeRange)  195.40 5.51 0.02 0.06 15.70 3 189.34
S(species+Age)  195.54 5.65 0.02 0.06 16.84 3 189.48
S(species+1080)  195.61 5.71 0.02 0.06 17.42 3 189.55
S(species+sex)  195.61 5.72 0.02 0.06 17.51 3 189.56
S(species+GrassTrees)  195.63 5.74 0.02 0.06 17.61 3 189.58
S(species*NightConn)  195.80 5.91 0.02 0.05 19.19 4 187.72
S(species*DayDiff)  197.21 7.32 0.01 0.03 38.91 4 189.13
S(species*DayConn)  197.23 7.34 0.01 0.03 39.22 4 189.14
S(species*GrassTrees)  197.55 7.66 0.01 0.02 46.08 4 189.47
S(species*1080)  197.64 7.75 0.01 0.02 48.08 4 189.55
S(DayDiff)  199.91 10.02 0.00 0.01 149.25 2 195.88
S(MaxTemp)  200.99 11.10 0.00 0.00 256.41 2 196.97
S(DayConn)  202.40 12.51 0.00 0.00 526.32 2 198.38
S(Rainfall)  202.45 12.56 0.00 0.00 526.32 2 198.43
S(.)  202.84 12.95 0.00 0.00 666.67 1 200.83
S(1080)  203.88 13.99 0.00 0.00 1111.11 2 199.86
S(GrassTrees)  204.42 14.53 0.00 0.00 1428.57 2 200.39
S(Home Range)  204.47 14.58 0.00 0.00 1428.57 2 200.44
S(Sex)  204.63 14.74 0.00 0.00 1666.67 2 200.60
S(NightConn)  204.77 14.88 0.00 0.00 1666.67 2 200.75
S(Age)  204.85 14.96 0.00 0.00 1666.67 2 200.82
S(t+species)  209.61 19.72 0.00 0.00 10000 27 152.18
S(t)  223.94 34.05 0.00 0.00 >10000 26 168.75
S(t*species)  257.52 67.63 0.00 0.00 >10000 52 140.24
Table 5.14 Program MARK output for the candidate model set from Table 5.6. Models are
ranked by delta AICc, and evidence ratios are shown.
* Models used for model averaging  
 
Inclusion of covariates in addition to species in the models was not supported, except 
for home range size and the external covariates of temperature and rainfall. Models Chapter 5 – Survivorship  
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including both additive and interactive effects of species with temperature and rainfall 
(particularly temperature) were ranked above the S(species) model, suggesting that 
the  effects  of  these  covariates  may  not  be  the  same  on  both  P. occidentalis  and 
T. vulpecula.  
Investigation  of  slope  coefficients  showed  that  high  temperatures  had  a  negative 
effect on survivorship of possums while high rainfall had a positive effect; effects were 
particularly marked for P. occidentalis. However, only for temperature did the 95% 
confidence interval for the slope coefficient not include zero. The covariate of home 
range size, when interacting with species, also improved model fit slightly over the 
S(species) model alone; examination of the slope coefficients indicate that survivorship 
increased with home range size for P. occidentalis but decreased for T. vulpecula. This 
effect, however, was small, as the AICc of the S(species*home range) model was within 
2AICc of the S(species) model alone.  
A confidence set of models was chosen based on the methods described in Section 
5.2.6. The most obvious break point in the evidence ratios, within the range of possible 
cut-off  values  from  the  three  methods,  was  between  the  S(species)  and 
S(species+DayDiff)  models.  The  models  included  in  the  final  set  used  for  model 
averaging were all those with delta AICc <5 (asterisked in Table 5.14). The most highly 
ranked of these was the one that included an interactive effect of maximum daily 
temperature with species.  
The slope parameter for species in the S(species) model and all additive models was 
consistently negative, indicative of the lower survivorship of P. occidentalis compared 
to T. vulpecula at the study sites throughout the study period (species was coded as 1 
for P. occidentalis and 0 for T. vulpecula in the design matrix). The effect of increasing 
temperature  was  negative  in  the  additive  model  (-0.087  ±  0.044),  and  influenced 
P. occidentalis  particularly  severely  (slope  of  -0.242  ±  0.136  for  the  interaction 
between species and max temperature) in the interaction model. The effect of rainfall 
was weaker (the 95% confidence intervals of the slope included zero), but was positive 
in the additive model (0.006 ± 0.004) and positive for P. occidentalis in the interactive Chapter 5 – Survivorship  
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model (0.014 ± 0.010); this implies that survivorship was greatest in months with high 
rainfall, particularly for P. occidentalis.  
The interaction between species and home range size was positive (slope of 1.364 ± 
0.688),  suggesting  that  a  large  home  range  was  particularly  advantageous  for 
P. occidentalis. This result is partly, or maybe entirely, an artefact of the data collection 
process, as home range size for P. occidentalis was associated with the number of 
location data points collected, which was, in turn, a function of the duration of time 
that the animal was alive (Chapter 6).  
Overall,  there  was  little  evidence  to  suggest  that  any  of  the  individual  animal 
covariates included in the model set influenced survivorship of P. occidentalis once 
they had established home ranges, nor was survivorship of T. vulpecula a function of 
any  of  these.  There  was  some  evidence  that  environmental  covariates  affect 
survivorship, particularly of P. occidentalis. Temperature and rainfall were, to a degree, 
inversely  correlated,  but  the  former  appeared  to  explain  more  of  the  variation  in 
survivorship than did the latter. Both covariates were included in model averaging to 
obtain estimates of survivorship over the two year study period.  
b) Model averaging 
Model-averaged survivorship estimates for each four-week period are shown in Fig. 
5.4a for both possum species. Survivorship estimates from the S(species) model only 
are shown in Fig. 5.4b.  
The model-averaged estimates (Fig. 5.4a) are constrained to follow a similar annual 
pattern as occurs in the temperature and rainfall data. The model selection uncertainty 
between models including these covariate effects leads to larger confidence intervals, 
especially for the months in which the underlying data conforms least well to the 
constraints of the models. The percentages of variation attributable to model selection 
uncertainty  in the model-averaged  four-weekly  survivorship  estimates ranged from 
3.4% to 63.1% for P. occidentalis and 4.7% to 49.0% for T. vulpecula.  
Standard errors for the S(species) model (Fig. 5.4b) are smaller than those from the 
model-averaged  output  because  no  model  selection  uncertainty  is  involved.  This Chapter 5 – Survivorship  
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model  was,  however,  not  the  most  highly  ranked  in  the  set.  In  both  outputs  the 
standard errors of P. occidentalis survivorship estimates were greater than those of 
T. vulpecula survivorship estimates, reflecting the greater variability among individuals 
in P. occidentalis survivorship data. Four-weekly survivorship estimates and standard 
errors  for  the  S(species)  model  were  0.914  (±0.018)  and  0.981  (±0.009)  for 
P. occidentalis and T. vulpecula respectively.  
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Figure  5.4  a)  Model  averaged-survivorship  estimates  and  unconditional  SE  for 
established P. occidentalis and resident T. vulpecula at the translocation sites and b) 
survivorship estimates (±SE) from the model incorporating species differences only. Chapter 5 – Survivorship  
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5.4 DISCUSSION 
5.4.1 Survivorship of translocated P. occidentalis 
The  main  finding  from  this  study  was  that,  of  all  the  parameters  included  in  the 
models,  WBC  and  T. vulpecula  population  size  at  the  release  site  most  influenced 
survivorship of translocated P. occidentalis. Evidence for effects due to most of the 
other parameters investigated was minimal. It must be emphasised that the model 
selection  process  only  considers  models  included  in  the  candidate  set,  for  which 
quantitative data were available. It was not possible to model other effects of perhaps 
greater  interest  (such  as  effects  of  changes  in predator  numbers  during  the  study 
period, or the influence of nutritional status of tree foliage), because collection of such 
data was, unfortunately, beyond the logistical scope of the study.  
Post-translocation survivorship of P. occidentalis was negatively related to T. vulpecula 
population sizes at the release sites. This suggests that sites that are prime habitat for 
T. vulpecula may not be as suitable for P. occidentalis, due perhaps to differing habitat 
requirements of the two species (Chapter 6). An alternative reason for the observed 
correlation  could  be  that  competition between  the two  possum  species  influences 
translocation success. In south-eastern Australia it has been noted that P. peregrinus 
tends  not  to  be  found  in  association  with  other  arboreal  marsupials,  including  
T. caninus (Lindenmayer and Cunningham 1997). There are anecdotal observations of 
T. vulpecula evicting P. occidentalis from tree hollows (How and Hillcox 2000, Wayne 
2005), and P. peregrinus have been found to show a preference for hollows in smaller 
diameter trees (Lindenmayer et al. 2008), which may be an indication of inter-specific 
competition for rest sites.  
Pseudocheirus  occidentalis  in  this  study  did  appear  to  choose  smaller-entranced 
hollows than those utilised by T. vulpecula (Chapter 6), suggesting that T. vulpecula 
might  be  the  dominant  species  in  regard  to  hollow  occupation.  There  is  also  a 
possibility  that  inter-specific  competition  for  food  might  reduce  P. occidentalis 
survivorship if resources are limiting. Peppermint is the main species consumed by 
P. occidentalis (Jones et al. 1994a), and T. vulpecula are also known to eat foliage of Chapter 5 – Survivorship  
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this species (How and Hillcox 2000), amongst other foods. It is possible that  inter-
specific  competition  for  rest  sites  and/or  food  may  be  limiting  the  survivorship  of 
translocated  P. occidentalis  either  directly,  or  by  increasing  their  susceptibility  to 
capture by native and feral predators.  
The  negative  relationship  between  the  post-translocation  survivorship  of 
P. occidentalis and their pre-translocation WBC is more difficult to explain. Based on 
clinical  examination,  P. occidentalis  were  considered  healthy  at  the  time  of 
translocation. Most haematological and serum biochemical values were within ranges 
considered as normal (Chapter 3), although information for this species is limited. It is 
possible that  animals  with  higher  WBC  were  experiencing  sub-clinical infections  or 
inflammatory  processes  that  affected  their  ability  to  cope  with  the  additional 
physiological stresses of translocation.  
An alternative possibility is that individuals that are more excitement-prone at the time 
of sampling are innately less well suited to coping with the stresses of translocation. 
The higher WBC observed could result from epinephrine (adrenaline) release during 
handling (Jain 1993); animals most prone to this physiological response may be those 
least able to cope with the energetic demands of obtaining and defending territory, 
finding food and avoiding predators. Recent research into the different “coping styles” 
shown  by  animals  in  response  to  stressful  situations  provides  evidence  of  a 
neuroendocrine basis for such personality traits (Koolhaas et al. 1999); see below.  
Both the effect of T. vulpecula density and the association of WBC with translocation 
success are worthy of further study. There is the possibility that either or both of these 
relationships occurred by chance and, although the degree of model support suggests 
otherwise, it would be sensible to continue to monitor these parameters in relation to 
survival of translocated P. occidentalis. Trichosurus vulpecula  numbers increased at 
Leschenault Peninsula during the 1990s following commencement of fox-baiting (de 
Tores et al. 1998); competition with T. vulpecula may have contributed to the decline 
of  the  re-established  population  between  1998  and  2002  (de  Tores  et  al.  2004). 
Manipulation of T. vulpecula populations would assist in determining the nature of the 
relationship  between  T. vulpecula  numbers  and  P. occidentalis  survivorship;  this Chapter 5 – Survivorship  
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however raises ethical issues, given that T. vulpecula numbers have declined overall in 
WA over past decades (Kerle 2001).  
The association of WBC with survivorship suggests that health, stress levels and/or 
personality/coping style may be important for translocation success via mechanisms 
that  are  currently  poorly  understood  but  worthy  of  further  investigation. 
Pseudocheirus  occidentalis  with  higher  than  average  white  cell  counts  could 
conceivably  be  harbouring  unidentified  pathogens  or  suffering  from  low-level 
inflammatory processes. The presence of immunoreactive lymphocytes might indicate 
a degree of antigenic stimulation that could compromise survival. There was, however, 
no specific evidence of this, as the proportion of large or reactive lymphocytes in each 
blood sample did not correlate with total lymphocyte count (data not shown). More 
comprehensive health screening might identify sub-clinical illnesses or levels of endo-
parasitism that were not picked up in this study.  
Although chronic stress is known to result in immune suppression, in most mammals 
(including T. vulpecula) it is usually associated with low rather than high lymphocyte 
counts (Baker et al. 1998, Begg et al. 2004, Buddle et al. 1992, Jain 1993), which was 
not, initially at least, a feature of the P. occidentalis that died most rapidly in this study. 
Post-translocation blood sampling did not show any evidence of such a chronic effect 
(Chapter 3); however, only possums that survived for >3 months were re-sampled and 
these were by definition those that were least likely to die. The effects of chronic 
stress are mediated by glucocorticosteroids and usually become evident within a week 
or so of the onset of stress. Levels of glucocorticosteroids could be measured before 
and soon after translocation; such measurements would help shed some light on the 
likely influence of stress levels on post-translocation survival, but would be logistically 
difficult  to  carry  out  due  to  the  disturbance  issues  associated  with  capturing 
P. occidentalis in the wild.  
The possibility that the negative relationship between WBC and survivorship is related 
to the “excitability” of individual animals, and that this, in turn, influences their survival 
would  be  difficult  to  prove.  Animal  behaviouralists  are  only  just  beginning  to 
investigate the importance of personality traits or behavioural syndromes in natural Chapter 5 – Survivorship  
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selection  processes  (Careau  et  al.  2008,  Sih  et  al.  2004,  Stamps  2007),  and  such 
attributes  are  difficult  to  quantify.  However,  the  demonstrated  association  of 
differences  in  coping  style  with  neuroendocrine  pathways  (Koolhaas  et  al.  1999, 
Koolhaas  et  al.  2007)  suggests  the  possibility  of  an  association  between  WBC  and 
behavioural characteristics for P. occidentalis. It has been shown for several species 
that animals with “proactive” coping styles produce higher levels of catecholamines 
(adrenaline and noradrenaline) under stress than those with “reactive” coping styles 
(Koolhaas et al. 1999, Koolhaas 2008). Proactive animals tend to do best under stable 
or  predictable  environmental  conditions,  while  reactive  individuals  often  function 
better  in  unpredictable  situations  than  do  animals  with  proactive  coping  styles 
(Koolhaas et al. 1999, Quinn and Cresswell 2005). Immune responses also vary among 
animals  with  differing  coping  styles  (Benschop  et  al.  1996,  Hessing  et  al.  1995, 
Marsland et al. 2002, Ruis et al. 2001) and may affect animals’ abilities to survive the 
stresses of translocation.  
Relationships between haematological parameters and survivorship have rarely been 
demonstrated in the translocation context. Mathews et al. (2006) found that initial 
survival of translocated voles was related to RBC but not to WBC. Bremner-Harrison et 
al. (2004) found that survival of swift fox kits which had achieved higher “boldness” 
scores  in  pre-release  tests  died  sooner  after  release  than  did  their  less  bold 
conspecifics,  but  did  not  investigate  links  between  these  personality  traits  and 
haematological characteristics of the animals.  
There is little published literature on the haematological responses of marsupials to 
translocation  or  stress.  Captive,  over-crowded,  but  otherwise  healthy,  bilbies  had 
higher lymphocyte counts than their wild conspecifics (K. Warren
16, unpublished data); 
this  was  interpreted  as  a  response  to  acute   social  stress  (K.  Warren,  personal 
communication). Removal of brushtail possums from the wild into captivity does result 
in lowered lymphocyte numbers (typical chronic stress response)  (Baker et al. 1998, 
                                                      
16 Senior Lecturer in Wildlife and Zoo Medicine, Academic Chair, Postgraduate Studies in Conservation 
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Baker  and  Gemmell  1999,  Buddle  et  al.  1992),  but  the  relationship  between  pre-
removal levels and consequent survival was not a focus of those studies. Booth and 
Connolly  (2008)  make  reference  to  a  platypus  that  exhibited  escalating  escape 
behaviour after being taken into captivity. The animal in question had a higher than 
normal WBC on arrival and subsequently developed a stress leukogram (decreased L:N 
ratio); this, and its behaviour patterns, suggested that it was unsuited to remain in 
captivity and it was thus released.  
The possibility that WBC is related to a translocated possum’s ability to settle into new 
territory, compete with other possums and avoid predation raises the issue of “soft” 
release versus “hard” release methods. All releases in this study were classed as “hard” 
releases,  i.e.  no  provision  of food,  nest boxes  or  temporary  enclosures  to  exclude 
predators or other possums. It may be that a change in release methods is warranted, 
or could at least be trialled to see if survivorship can be improved. A limited study into 
the value of nest box provision suggested that translocated possums tend not to use 
them  (Moore  2007,  Moore  et  al.  in  press),  but  this  study  only  followed  three 
individuals  and  did  not  include  the  use  of  enclosures  or  food  supplementation. 
Releasing  possums  into  temporary  enclosures  would  be  expensive  and  logistically 
difficult (if the enclosures were to be suitably large), but might be worth an attempt, 
especially if combined with a study of glucocorticoid responses to translocation. “Soft” 
release methods employing temporary enclosures have been used with some success 
by wildlife rehabilitators (U. Wicke, personal communication) but no quantitative data 
are available.  
This study did not show strong evidence for effects on survivorship of any of the other 
variables included in the models. There was weak evidence that survivorship is greater 
for ex-development site P. occidentalis than animals coming out of care, that animals 
translocated in winter and spring survive better than those released in spring/summer, 
and that possums released as adults do better than sub-adults (Section 5.3.1). The low 
level of support for these factors does not necessarily mean that these variables are 
unimportant, only that the data available were insufficient to detect effects that may, 
under different circumstances, be more (or perhaps less) apparent. A high proportion 
of translocated P. occidentalis succumbed to predation shortly after translocation and Chapter 5 – Survivorship  
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a number of others went off the air; thus the effective sample size was low during 
many  of  the  study  intervals.  Greater  numbers  of  translocated  animals  might  have 
improved the power of the analysis to detect these low level effects.  
Likewise, differences in survivorship between field sites were not detectable in this 
study.  It  had  been  hoped  that  1080-baiting  for  fox  control  might  have  resulted  in 
improved survivorship, as had appeared to be the case for the initial translocations in 
the 1990s (de Tores et al. 1998). Positive responses to 1080-baiting for fox control 
have  been  shown  for  naturally-occurring  P. occidentalis  populations  in  the  jarrah 
forests (Wayne et al. 2005c, Wayne et al. 2006) and also for brushtail possums (Morris 
et al. 1995). A weakness of the study was that there was no replication of unbaited 
sites; replication had originally been planned, but the limited availability of animals for 
translocation and the logistical demands of radio-tracking widely dispersed individuals 
in dense vegetation meant that only a single unbaited site (Martin’s Tank) was used. 
Thus,  inherent  inter-site  differences  are  confounded  with  the  baiting  treatment  in 
these analyses. There was a tendency for P. occidentalis to survive longest at Martin’s 
Tank, but this was also the site with the lowest T. vulpecula numbers, a confounding 
factor.  It  is  possible  that  1080-baiting  results  in  increased  T. vulpecula  population 
numbers which in turn has a negative effect on P. occidentalis survivorship due to 
inter-specific competition (or to some other correlated factor that was not modelled in 
this study). Further studies with replication of effects are needed to further investigate 
these potential interactions.  
The  slightly  lower  survivorship  of  P. occidentalis  at  Leschenault  and  Preston  Beach 
Road could be due to mesopredator release of cats and pythons following reduction in 
fox numbers due to 1080-baiting. Alternatively, a reduction in the numbers of rabbits 
since the 1990s may have caused predators to switch to alternative prey (such as 
predator-naïve P. occidentalis) at these sites. There are no data on rabbit numbers and 
little quantitative information on predator numbers with which to investigate these 
possibilities.  At  the  very  least,  future  translocation  programs  should  incorporate 
assessments of feral predator numbers, especially as these are known to limit success 
of marsupial translocations at many unfenced mainland sites (Mawson 2004, Morris 
2000, Moseby and O'Donnell 2003, Short et al. 1992, Short and Turner 2000).  Chapter 5 – Survivorship  
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Four-weekly survivorship estimates for translocated P. occidentalis averaged between 
0.806  and  0.892  (Table  5.10),  depending  on  which  model  was  used  and  assuming 
average values of continuous covariates. Model-averaged estimates were similar (Fig. 
5.2), ranging from 0.828 to 0.869 per four-week period (Fig. 5.2). These four-weekly 
survival rates equate to approximate annual survival rates of between 0.09 and 0.16, 
which implies that out of every 100 animals translocated only 9-16 can be expected to 
survive to the end of their first year. The model-averaged estimate (± unconditional SE) 
for the proportion of animals surviving the duration of the study (2 years) was 0.016 
(±0.010), which equates to only 1.6 animals per 100 translocated individuals (assuming 
average  covariate  values).  Clearly  this  level  of  mortality  is  unlikely  to  result  in 
establishment of a sustainable population unless survival rates improve dramatically 
once animals establish stable territories (Section 5.4.3). Data on longevity, juvenile 
survival and fecundity of translocated P. occidentalis are required in order to make 
population projections given the observed survival rates. Few such data are currently 
available, even for naturally-occurring populations (Jones et al. 1994a, Wayne et al. 
2005c).  
The  estimated  survival  rates  reported  here  are  based  on  average  values  of  the 
covariates WBC and CBP. In reality, values of these covariates vary from one individual 
to the next. For example, a P. occidentalis with a low WBC (e.g. 2.0) translocated into a 
site  of  low  CBP  (e.g.  16)  is  predicted  to have  a  four-weekly  survival rate  of  0.957 
(±0.019),  using  the  S(WBC+CBP)  model  (Fig.  5.1).  This  would  equate  to  an  annual 
survival rate in the order of 0.56, i.e. an approximately 50:50 chance of living for one 
year. Predicted survivorship drops off rapidly as WBC rises or as T. vulpecula numbers 
increase (Fig. 5.1). If the influence of these covariates is as great as the model results 
suggest, then it is important to understand the mechanisms that underlie both effects, 
and to examine T. vulpecula population sizes in potential translocation sites prior to 
attempting to establish P. occidentalis populations in them.  
5.4.2 Initial survival, and summer versus winter translocation 
The model of no differences between cohorts or months was most highly supported in 
this analysis, indicating that the sample size of animals was too small to detect any Chapter 5 – Survivorship  
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other effects that may have been present. The model-averaged survivorship estimates 
are suggestive of some small differences between the groups that could be worthy of 
further study. The group released in winter showed slightly increased survival rates 
compared to the  summer  cohort  overall, but  these  rates  differed between  groups 
during  the  first  few  months  after  release.  Survivorship  of  the  summer  group  was 
highest during the first two months then dropped during autumn, while survivorship of 
the winter group was lower initially but tended to increase during spring. There is thus 
a hint of evidence that it might be better to translocate P. occidentalis in early spring 
rather than late summer; this makes biological sense because foliage quality is likely to 
be best in the spring months, and temperatures at that time of year are neither too 
hot nor too cold. A larger experiment involving more possums per group would be 
necessary to provide sufficient power to test this hypothesis effectively.    
5.4.3 Survivorship of established P. occidentalis and T. vulpecula 
There  was  a  large  difference  in  survivorship  between  the  two  possum  species, 
particularly during the summer and autumn months when P. occidentalis survival rates 
tended to  be  lowest.  The  evidence  suggests  that translocated P. occidentalis,  even 
after  surviving  the  initial  stresses  associated  with  relocation  and  establishing 
territories,  are  less  able  to  cope  with  hotter  drier  weather  conditions  at  the 
translocation  field  sites  than  are  resident  T. vulpecula.  Naturally-occurring 
P. occidentalis  tend  to  be  associated  with  riparian  habitats  or  cooler  areas  with 
relatively high rainfall (Jones et al. 1994b, Wayne et al. 2005c), so it is perhaps not 
surprising  that  their  survival  is  compromised  in  summer  at  sites  which,  although 
located within the species’ historical distribution, are further north than most of their 
current natural range. Brushtail possums are much more generalist in their dietary and 
habitat requirements (Kerle 2001) and are more widely distributed than ringtails in WA 
(Van Dyck and Strahan 2008). In addition, pythons are only actively feeding during the 
summer  months  and  therefore  contribute  to  the  lowered  survivorship  of 
P. occidentalis during this period only.   
The  obvious  difference  between  the  survivorship  of  P. occidentalis  and  that  of 
T. vulpecula in the translocation sites might also be partly a function of competition Chapter 5 – Survivorship  
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between  the  species  themselves.  If  T. vulpecula  are  able  to  competitively  exclude 
P. occidentalis (as the results in Section 5.3 may suggest) then it is not surprising that 
survival  rates  differ.  The  average  four-weekly  survival  rate  for  brushtails  for  the 
S(species) model was 0.981 (±0.009), which equates to approximately 0.78 per year; 
this is presumably a high enough value to sustain a viable population, as population 
sizes appear to have increased over the past decade at the baited sites at least (de 
Tores et al. 2004). In comparison, the average four-weekly survival rate for established 
P. occidentalis for the same model was 0.914 (±0.018), equating to approximately 0.31 
per year. Although better than the average value for the entire set of translocated 
P. occidentalis (0.09 - 0.16, depending on site), this is lower than the value of 0.46 
reported by Wayne et al. (2005c), and too low a value to maintain a stable population 
unless  reproductive  rates  are  very  high,  given  the  expected  3-5  year  life  span  of 
P. occidentalis (Wayne et al. 2005c). Population viability analysis (PVA) could be used 
to  model  the  possible  outcomes;  however,  this  requires  better  knowledge  of 
recruitment,  longevity,  and  age-specific  mortality  rates,  all  of  which  are  currently 
lacking for translocated P. occidentalis.  
Overall, the results of this study showed that the survival rates of the 67 translocated 
P. occidentalis were unsustainably low. Although the ultimate cause of death for most 
P. occidentalis was predation (Chapter 4), the survivorship analyses shed some light on 
possible proximate factors that may result in increased susceptibility to predation, or 
that might directly reduce long-term survival of individual animals. While it is obviously 
important to improve current measures to reduce feral predator numbers, there are 
other factors that may need to be addressed. Further study of potentially competitive 
interactions  between  P. occidentalis  and  T. vulpecula  are  warranted,  as  are  more 
detailed  investigations  of  the  physiological  and  behavioural  components  of  stress 
responses  in  P. occidentalis.  The  likely  effects  of  increasing  environmental 
temperatures and more frequent droughts are also worth considering when deciding 
where to attempt to establish new populations of this vulnerable species.  
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Chapter 6:  
Home range and habitat use 
6.1 INTRODUCTION 
An animal’s home range can be described as the “area traversed by an individual in its 
normal  activities  of  food  gathering,  mating  and  caring  for  young”  (Burt  1943). 
Attributes of home ranges include size, shape and patterns of utilisation; these are 
influenced by specific environmental factors such as climate, refuge availability, food 
quality,  population  densities  and  behavioural  characteristics  of  conspecifics  and 
sympatric  species  (Aebischer  et  al.  1993,  Edwards  et  al.  2001,  Horne  et  al.  2008, 
Kamler et al. 2003, Katajisto and Moilanen 2006, Rader and Krockenberger 2006).  
Knowledge of an animal’s spatial utilisation of the environment in which it lives is 
important  for  studying  habitat  selection,  distribution  of  individuals,  and  effects  of 
changing  resources  on  animal  behaviour  (Garton  et  al.  2001,  Harris  et  al.  1990, 
Kernohan et al. 2001, Millspaugh et al. 2006, White and Garrott 1990, Worton 1989). 
Within the translocation context, patterns of dispersal and subsequent habitat use are 
essential  for  determining  optimal  translocation  strategies  (in  terms  of  numbers  of 
animals and choice of release locations), and for ascertaining likely carrying capacities 
of field sites (Hardman and Moro 2006, Mihoub et al. 2009, Tweed et al. 2003). The 
degree of habitat partitioning between sympatric species and the likelihood of inter-
specific  competition  between  translocated  and  resident  animals  also  requires  an 
understanding of the spatiotemporal habitat use of the species in question (Börger et 
al. 2008, Horne et al. 2008, Kenward and Hodder 1998, Moseby and O'Donnell 2003, 
Terhune et al. 2006).  
There is currently little published data on home range sizes of either possum species in 
south-west  WA,  particularly  in  locations  where  both  species  co-occur.  Jones  et  al. 
(1994a) documented home ranges of P. occidentalis at two locations, Abba River and 
Locke estate, on the Swan coastal plain near Busselton, and found that home range 
sizes ranged from 0.07 to 1.9 ha (n=18). Sympatric T. vulpecula occur at Abba River, Chapter 6 – Home range   
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but were not radio-collared. Home ranges of P. occidentalis in the jarrah forests tend 
to be larger than on the coastal plain (2.0-2.8 Ha, n=3, Jones et al. (1994a); A. Wayne, 
unpublished data).  
One  of  the  specified  criteria  for  P. occidentalis  translocation  success  is  that  home 
ranges and habitat use of translocated animals and their offspring are consistent with 
patterns of animals in their natural habitats (de Tores et al. 2004, de Tores 2005). A 
second  criterion  is  that  competition  with  T. vulpecula  does  not  limit  survival  or 
recruitment, and that habitat use and home ranges of both species are consistent with 
those of naturally-occurring sympatric populations (de Tores 2005). The home range 
and habitat use analyses described in this chapter were carried out with these two 
criteria in mind.  
6.1.1 Aims 
The specific purposes of the analyses were:  
i)  to  investigate  dispersal  movements  of  P. occidentalis  immediately  post-
translocation  and  changes  in  core  ranges  after  initial  home  range 
establishment; 
ii)  to  estimate  home  range  sizes  of  translocated  P. occidentalis  and  resident 
T. vulpecula, and to investigate factors influencing home range size including 
possum species, age, sex, numbers of rest sites used, numbers of location fixes 
obtained, field site, vegetation density and floristic structure; 
iii)  to determine the degree of home range overlap among individuals, both within 
and between possum species; and 
iv)  to quantify den type use of both possum species in relation to species, sex, field 
site, floristics and vegetation structure.  
It was hoped that these analyses would help determine the likely carrying capacities of 
the field sites for P. occidentalis, and levels of inter-specific habitat partitioning and 
consequent potential for competition between the two possum species. The data are 
also suitable for comparison with those obtained for P. occidentalis and T. vulpecula in 
their natural habitat to the south (Grimm and de Tores 2009, Grimm in prep), and with Chapter 6 – Home range   
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P. occidentalis data obtained during the early years of the translocation program (P. de 
Tores, unpublished data).  
6.2 METHODS 
6.2.1 Data Collection 
Sixty-eight P. occidentalis and 24 T. vulpecula were radio-collared and tracked during 
the study period. Details of collaring and tracking methods are provided in Chapter 2, 
Sections 2.2.4 and 2.2.6. The majority of location data were collected using a hand-
held GPS unit; most of the fixes were differentially corrected relative to a base station 
GPS unit to maximise accuracy and precision (Section 2.2.6b in Chapter 2, and Section 
6.2.2 in this chapter). Some of the T. vulpecula data were collected using triangulation 
methods (Sections 2.2.6b and 2.3.6 in Chapter 2, and Section 6.2.3 in this chapter). The 
numbers  of  fixes  obtained  for  each  possum  varied,  depending  on  how  long  each 
animal  remained  alive  with  a  functional  collar.  Characteristics  of  each  diurnal  and 
nocturnal location at which possums were located were documented (see Table 2.14 
in Chapter 2 for details). Variables included in analyses of home range and habitat use 
were: field site, possum species, age, sex, height of possum, species of tree, type of 
rest site, and canopy connectivity.  
Diurnally and nocturnally obtained locations were pooled within individuals for home 
range analyses because sample sizes for most animals were too small to allow separate 
diurnal and nocturnal analyses. Incremental plots of the number of fixes against home 
range size for each individual were inspected to assess the number of fixes required to 
obtain a stable estimate of home range size. In many cases 15-20 fixes were sufficient, 
but for some animals home range size continued to increase as further data were 
collected.  Fifteen  or  more  fixes  were  obtained  from  23  P. occidentalis  and  18 
T. vulpecula. Data from these 41 animals were used in home range analyses; however, 
because  of  the  variability  in  the  total  number  of  fixes  per  possum  (N  fixes),  this 
parameter was included as an independent variable in linear regression analyses of 
factors affecting home range size (Section 6.2.6).  Chapter 6 – Home range   
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6.2.2 Assessment of GPS accuracy and precision 
The precision of GPS locations collected with and without post-processing relative to 
the base station GPS (Section 2.2.6b in Chapter 2) was assessed by taking multiple fixes 
at particular locations over time. The roving GPS unit was positioned on a marked 
point at Martin’s Tank for 4 minutes per day over 10 consecutive days. Data were 
averaged over each 4-min period by the GPS unit. After downloading, the averaged 
data were post-processed relative to the base station GPS using MobileMapper Office
© 
software (Thales Navigation). Both the unprocessed and the post-processed data were 
plotted using ArcGIS
© software. The same procedure was carried out for a marked 
point at Leschenault Peninsula over the next 10 days.  
 
 
Figure 6.1 Scatter of GPS locations collected on 10 successive nights at a 
fixed  point  at  each  field  site,  before  (black)  and  after  (green)  post-
processing. Data were averaged over 4-minute periods. 
 
The scatter of unprocessed and processed data points are shown in Fig. 6.1 for each 
location. The unprocessed data were scattered over a range of 5-6 m in diameter, 
while the processed data were more tightly grouped within a 2-4 m range. The average 
horizontal  errors  calculated  by  the  MobileMapper
©  software  were  0.77  m  for 
Leschenault  and  1.70  m  for  Martin’s  Tank.  Presumably  the  true  locations  lay 
somewhere within the scatter of processed points. Precision of the processed data 
appeared slightly better at the Leschenault location than at Martin’s Tank. This could Chapter 6 – Home range   
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have been due to less canopy cover at the former site, or to different numbers of 
satellites available at the times when data were collected. The slight displacement of 
the processed data relative to the unprocessed data at Martin’s Tank is harder to 
interpret, but may again have been due to canopy cover or satellite distribution, or 
perhaps  related  to  the  greater  distance  of  Martin’s  Tank  from  the  base  station 
compared to Leschenault Peninsula (40 km and 5 km respectively).  
Data collected during radio-tracking of collared possums were averaged over periods 
ranging from 2-8 minutes and were not always post-processed, due to intermittent 
problems with the base station GPS unit. Thus precision of locations was likely to have 
been variable. A data resolution value of ±5 m was considered suitable for use in the 
home range software, Ranges6
© (Kenward et al. 2003), as it reflected the results of the 
tests above and provided a reasonable degree of smoothing for  analyses based on 
kernel methods (Section 6.2.4).  
6.2.3 Triangulation 
Subsets  of  T. vulpecula  nocturnal locations  at Martin’s  Tank  and  Preston  Beach  Rd 
were obtained by triangulation (Section 2.2.6b in Chapter 2). Three to four bearings 
were taken within 15 mins for each animal from suitably spaced positions. Location 
eastings and northings and associated error ellipses were computed using maximum 
likelihood estimation (MLE) in LocateIII
© software (Nams 2006). Standard errors of 
ellipses  were  calculated  on  a  fix  by  fix  basis  (Section  2.3.6  in  Chapter  2);  mean 
horizontal standard errors ranged from 2-65 m (median 23 m) at Martin’s Tank and 1-
24 m (median 7 m) at Preston Beach Rd. Although the precision of triangulated fixes 
was frequently much lower than that of GPS-derived locations (Fig. 6.2), the point 
locations estimated by triangulation lay within the distribution of GPS fixes obtained 
for  each  animal  and  were  thus  considered  sufficiently  reliable  for  inclusion  in  the 
location data sets from which home ranges were derived.  
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                                      (estimated for each                                 
                                       fix separately) 
 
 
Figure 6.2 Triangulated data points (green), associated error ellipses (brown) and GPS 
locations (orange) for three T. vulpecula at Martin’s Tank. The dimensions of each map 
are  identical,  with  eastings  and  northings  shown.  Triangulation  stations  are  also 
indicated.  
 
Location fixes derived from GPS and from triangulation, along with error ellipses, are 
shown in Fig. 6.2 for three individual T. vulpecula radio-tracked throughout most of the 
study period at Martin’s Tank. Data for the three T. vulpecula tracked at Preston Beach 
Rd were similarly distributed, but with smaller errors (data not shown). The outlying 
triangulated fix for TvM004 (fix no.10) was unlikely to be erroneous since contact collar 
data  showed  that  this  animal  interacted  closely  with  TvF007  on  several  occasions 
(Section 6.3.4) despite apparently non-overlapping 90% home range cores.  Chapter 6 – Home range   
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Triangulation was thus considered a useful method of obtaining location fixes when 
time is limited or animal behaviour easily affected by human proximity, despite its 
lower level of precision in comparison to GPS-derived data.  
6.2.4 Choice of home range estimator 
Sizes  and  shapes  of  animal  home  ranges  are  commonly  estimated  by  one  of  two 
analytical methods. The first is based on linkage distances between location points, 
and the second on location density distributions. The minimum convex polygon (MCP) 
linkage distance method is commonly used to delineate home ranges and compare 
home range size among groups of animals (Harris et al. 1990, White and Garrott 1990). 
Variants on the method can be used to exclude outliers (e.g. mononuclear peeled 
polygons) or provide information on internal structure (e.g. cluster analysis) (Kenward 
et  al.  2001,  Kenward  et  al.  2003).  In  its  simplest  form,  the  MCP  method  assumes 
uniform use of space within the polygon (White and Garrott 1990).  
Density distribution methods of modelling home range include the bivariate normal 
ellipse,  harmonic  mean  and  kernel  density  estimation  (Dixon  and  Chapman  1980, 
Gitzen et al. 2006, Horne and Garton 2006b, Kenward et al. 2003, Kernohan et al. 
2001, Millspaugh et al. 2006, Seaman and Powell 1996, Worton 1989). These methods 
can be parametric (bivariate normal ellipse) or non-parametric (harmonic mean, kernel 
estimation), and provide information on differential use of space within the utilisation 
distribution.  The  harmonic  mean  method  (Dixon  and  Chapman  1980)  models  the 
location density distribution at intersections of an overlaid matrix; the density function 
is the reciprocal of the mean inverse distances of all locations from each intersection. 
The bivariate normal kernel uses a negative exponential function of location distances 
from estimation points for estimating location densities (Worton 1989).  
Contours interpolated across the matrix by the harmonic mean model are sensitive to 
intersection spacing, and estimates of home range size may be biased if sample sizes of 
location  data  are  small  (Boulanger  and  White  1990,  Rooney  et  al.  1998).  Kernel 
methods provide greater smoothing of isopleths but often over-estimate range size, 
especially if outliers are present or the distribution is multimodal (Börger et al. 2006, Chapter 6 – Home range   
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Horne and Garton 2006b, Kernohan et al. 2001, Seaman and Powell 1996, Seaman et 
al. 1999). As the bivariate normal kernel function is inherently more smoothing than 
the harmonic mean estimator, it is more appropriate for obtaining stable estimates of 
range size with small samples of locations (Kenward et al. 2003). However, the choice 
of method depends on the purpose of the analysis, i.e.: kernel methods are better for 
comparison of range size among animals, especially if sample sizes are small, while the 
harmonic mean method is often more useful for small-scale analyses of core habitat 
use on an individual  by individual basis. It should also be noted that regions of low 
probablity are harder to estimate than high probability regions; this is reflected in 
sampling error rates.  
The difference in output between the harmonic mean and kernel estimation methods, 
as implemented in Ranges6
© software (Kenward et al. 2003), is illustrated in Fig. 6.3 
for  home  ranges  of  four  P. occidentalis  at  Martin’s  Tank.  Both  analyses  used  5  m 
location  resolution,  and  5  m  matrix  grid  size  to  estimate  the  95%,  75%  and  50% 
isopleths for the same sets of locations.  
 
a) b) a) b)
 
Figure 6.3 a) Harmonic mean and b) Fixed kernel home ranges for two female (smallest 
ranges) and two male (larger ranges) P. occidentalis coincident in time (95%, 75% and 
50% isopleths). Href was used as the smoothing parameter in both cases (see text). 
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The level of core structure detail is greater for the harmonic mean estimate (Fig. 6.3a), 
while the kernel estimate shows a greater degree of smoothing (Fig. 6.3b). Estimates 
of home range size are usually larger for the kernel method, especially if outlying data 
points are present.  
The effects of outlying data points on both MCP and kernel estimates of home range 
size are significant, frequently biasing estimates upward (Börger et al. 2006, Kenward 
et al. 2003). An example of this effect is shown in Fig. 6.4 for one of the home ranges 
illustrated in the previous figure.  
The  possum  moved  from  its  initial  release  site  before  establishing  a  home  range. 
Removal of the first two travelling locations and the final location (at death) from the 
kernel  analysis  alters  the  isopleth  positions  and  provides  a  more  realistic 
representation of home range. The area enclosed by the 95% isopleth decreased from 
41 to 19 ha after removal of the three outliers from the analysis.  
 
a) b) a) b)
 
Figure 6.4 Kernel home range of one male P. occidentalis a) including all 47 fixes and b) 
excluding the first two travelling fixes and the final fix. 95%, 75% and 50% isopleths are 
shown.  The  GPS  location  data  are  shown  as  a  series  of  points  joined  by  lines  in 
temporal order. Href was used as the smoothing parameter in both cases (see text). 
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The  kernel  density  estimate  obtained  at  each  grid  intersection  of  the  matrix  is 
essentially an average of all the kernels that overlap at that point (Seaman and Powell 
1996); therefore, determination of the width of the kernels at each point is the critical 
aspect of implementing kernel density estimation (Kernohan et al. 2001, Seaman and 
Powell  1996,  Silverman  1986,  Wauters  et  al.  2007,  Worton  1989).  Narrow  kernels 
allow nearby observations to have the greatest influence and thus reveal small-scale 
details of the distribution, similarly to harmonic mean estimation, while wide kernels 
allow more influence of distant observations and thus reveal the general shape of the 
home range. Kernel width is often termed “bandwidth” or “smoothing parameter”, 
and frequently referred to as “h” (Silverman 1986).  
A common ad hoc method of choosing h is to use the optimum value obtained for 
some standard distribution such as the normal distribution. For a bivariate normal 
distribution, the optimum h for large sample size is the standard deviation of x and y 
coordinates divided by the 6
th root of the sample size. This is referred to as the fixed 
kernel, or “href“ (Worton 1989). Adaptive kernels can be produced by weighting initial 
density values to emphasise the core or the tail of the distribution (Worton 1989) but 
have been shown in simulation studies to result in greater bias than fixed kernels 
(Seaman and Powell 1996, Seaman et al. 1999). Therefore, the use of fixed rather than 
adaptive kernels is generally recommended (Kenward et al. 2003).  
Href is likely to overestimate range size if the utilization distribution is multimodal, and 
may be inaccurate if the x and y variances are unequal (Börger et al. 2006, Horne and 
Garton  2006b,  Millspaugh  et  al.  2006,  Seaman  and  Powell  1996,  Worton  1989). 
Simulation  studies  have  shown  that  bias  can  be  reduced  by  multiplying  href  by  a 
fractional value (Gitzen et al. 2006, Seaman and Powell 1996, Wauters et al. 2007). 
One  method  of  selecting  an  appropriate  multiplier  is  through  least  squares  cross-
validation  (LSCV)  (Silverman  1986);  however,  this  requires  a  minimum  of  30  and 
preferably >50 unique locations per animal (Seaman et al. 1999), and tends to fail with 
highly clumped data, such as repeated use of den/nest sites (Gitzen et al. 2006, Moser 
and Garton 2007, Wauters et al. 2007).  Chapter 6 – Home range   
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A  more  recently  advocated  method  of  choosing  the  smoothing  parameter  (h)  for 
kernel  analyses  is  the  likelihood  cross-validation  method  (LCV)  (Horne  and  Garton 
2006b). This method is based on minimising the Küllbach-Leibler distance between the 
true underlying and estimated distributions (Horne and Garton 2006b), as opposed to 
minimising the integrated squared error (LSCV). Likelihood cross-validation has been 
shown to perform better than LSCV in terms of bias  and precision of home range 
estimates, particularly at small sample sizes (<50 locations). LCV is also superior to href 
for multimodal distributions which tend to be highly oversmoothed when href is used 
(Grimm 2009, in prep, Horne and Garton 2006b, Kernohan et al. 2001).  
The  performance  of  different  home  range  estimators  depends  on  sample  size, 
sampling  regime  and  the  distribution  pattern  of  locations  (Börger  et  al.  2006, 
Boulanger and White 1990, Horne and Garton 2006a, Katajisto and Moilanen 2006, 
Seaman  et  al.  1999,  Wauters  et  al.  2007).  Minimum  convex  polygon  methods  are 
commonly used but are subject to unpredictable bias (Börger et al. 2006, Nilsen et al. 
2008), and overestimate home range area as sample size increases  (Boulanger and 
White  1990,  Seaman  and  Powell  1996).  In  fact,  Gautestad  and  Mysterud  (1995) 
suggest that home range area never asymptotes as sample size (N fixes) increases; 
rather the area continues to increase in proportion to the square root of N fixes.  
Kernel methods produce more stable estimates than harmonic mean for small sample 
sizes (Kenward et al. 2003, Rooney et al. 1998), but tend to over-estimate area when 
outliers  are  present  or  sample  size  is  small  (Seaman  and  Powell  1996).  Kernel 
estimation is also sensitive to the amount of smoothing (Börger et al. 2006, Fieberg 
2007, Horne and Garton 2006b, Seaman et al. 1999); and usefulness of the often-
recommended LSCV smoothing method is dependent on data structure (Moser and 
Garton 2007, Wauters et al. 2007).  
Comparisons between individuals, populations or species require consistent sampling 
and analysis regimes (de Solla et al. 1999, Laver and Kelly 2008). If temporal spacing 
between fixes is not consistent then time should be incorporated into the analytical 
method,  as  implemented  for  example  by  Katajisto  and  Moilanen  (2006).  While 
currently-used estimation methods such as MCP and kernel contours can be used to Chapter 6 – Home range   
  256 
quantify  inter-specific  differences  in  animal  ranging  behaviour,  for  questions 
concerning within-species differences, the choice of home range estimator can explain 
as much of the variation in range size as the ecological variable of interest (Nilsen et al. 
2008). It is thus important to standardise methodologies (Laver and Kelly 2008), and 
maximise  the numbers of  observations  collected,  using  constant  time intervals  (de 
Solla et al. 1999). 
The fixed kernel estimator was used to calculate home range sizes in the current study. 
It was considered the most useful method available within the software used, given 
the above limitations. Analyses were carried in Ranges6
© (Kenward et al. 2003) for all 
possums  from  which  15  or  more  location  fixes  were  obtained,  after  exclusion  of 
travelling fixes obtained during dispersal of translocated P. occidentalis (0-3 fixes per 
P. occidentalis).  Href  was  used  as  the  smoothing  parameter  for  each  utilisation 
distribution; The LSCV method could not be used due to the clumped nature of the 
data (repeated use of den/rest sites) and the small sample size available for most 
animals, and the LCV method of determining h was not available in Ranges6
©.  
Kernel  estimation  was  preferred  over  MCP  or  harmonic  mean  because  it  provides 
more stable estimates at small sample sizes and is less sensitive to matrix grid size and 
tracking  resolution  (Kenward  et  al.  2003).  However,  MCP  estimates  were  also 
calculated for comparison with a previous study that used this method (Jones et al. 
1994a). The 90% and 50% kernel isopleths were chosen to represent overall home 
ranges  and  core  ranges  respectively.  These  choices  were  based  on  the  findings  of  
Börger et al. (2006) that kernel estimation accuracy was highest for isopleths between 
50% and 80%, and satisfactory up to 90%. Most of the utilisation plots of estimated 
core ranges at 5% intervals from 20% to 90% generated from my data showed slope 
discontinuities at 40%  - 70%, indicating that 50% was a reasonable choice of core 
isopleth.  
Matrix  grid  size  was  kept  constant  (at  5  m)  for  all  animals,  to  minimise  bias  in 
comparison of estimates among individuals. Tracking resolution was set at 5 m, which 
represented  the  approximate  precision  of  GPS  locations  (Section  6.2.2).  Although 
triangulated fixes were less precise than this, the effects of small telemetry errors on Chapter 6 – Home range   
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kernel estimates has been shown to be negligible if the ratio of error to home range 
size (m/m
2) is less than 0.01 (Moser and Garton 2007). As the maximum error from my 
triangulated locations was 65 m, and all home ranges were >1.0 ha, the ratio of error 
to home range size was less than 0.01 in all cases.  
The major deficiencies of the home range data set were: i) small variable sample sizes 
and ii) irregular temporal spacing of data collection. The former was a function of 
animal  survival  and  radio-collar  reliability,  and  the  latter  due  to  the  difficulty  of 
scheduling regularly-spaced sampling because of widely spaced animals, inhospitable 
terrain and multiple competing demands on time. Together these constraints limited 
the capacity of home range analyses to provide more than qualitative insights into the 
factors affecting home range size and the levels of overlap between individuals and 
species.  
6.2.5 Delimitation of vegetation strata 
Vegetation at each study site was classified into three strata based on floristics and 
vegetation  structure.  A major  question  of  interest  was  the  degree  to which  home 
range size and habitat use by translocated P. occidentalis depended on presence of 
peppermint (Agonis flexuosa), the most common tree species in their region of origin. 
Therefore,  the  three  strata  were  defined  as:  “peppermint-dominated”,  “mixed 
peppermint-other” and “other-dominated”. These were delimited using a combination 
of aerial ortho-photographs, regularly-spaced observations along tracks and transects, 
and local ground knowledge obtained over the course of the study. Shape files were 
created  in  ArcGIS
©  for  each  stratum  throughout  each  study  site.  For  Leschenault 
Peninsula these shapes were based on the maps in Trudgen (1984), and modifications 
thereof (de Tores et al. 2004).  
Leschenault Peninsula and Martin’s Tank both contained large regions of peppermint-
dominated vegetation and substantial areas of peppermint mixed with other species. 
At Preston Beach Rd the peppermint-dominated and mixed peppermint-other strata 
were  smaller  and  located  amongst  larger  areas  that  were  dominated  by  other Chapter 6 – Home range   
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vegetation species. Maps of the three study sites stratified by vegetation type are 
shown in Fig. 6.5.  
 
 
 
Figure 6.5 Vegetation strata at the three study sites: Green = Peppermint-dominated; 
Brown  =  Mixed  Peppermint-Other;  Yellow  =  Other-dominated.  Blue  stars  indicate 
release  sites  for  translocated  P. occidentalis.  Contour  lines  are  at  5  m  intervals, 
darkening as height increases. 
 
The  plant  species  defined  by  “other”  varied  between  field  sites.  At  Leschenault 
Peninsula the main species occurring in combination with peppermint in the “mixed 
peppermint-other” category was tuart (Eucalyptus gomphocephala), and the “other” 
category consisted of Acacia species, low shrubs/heath/sedge or sand dunes (Trudgen 
1984). At Martin’s Tank the “mixed peppermint-other” strata included Banksia species, 
tuart, jarrah (E. marginata), and grass trees. The “other” category included a variety of 
trees and shrubs including areas of Melaleuca rhaphiophylla along lakeshores, dense 
stands  of  parrot  bush,  areas  of  jarrah/Banksia  woodland,  thickets  of  Tempeltonia 
retusa and Spyridium globulosum, heath and shrub-covered ridges, and open ground. 
At Preston Beach Rd the “mixed peppermint-other” strata included Banksia species, 
marri  (Corymbia  calophylla),  tuart,  and  S.  globulosum.  Component  species  in  the Chapter 6 – Home range   
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“other” category were marri/Banksia forest, dense areas of S. globulosum, heath and 
shrub-covered  ridges,  M.  rhaphiophylla  along  lakeshores,  and  areas  of  mallee  (E. 
decipiens and others).  
6.2.6 Statistical analyses 
Statistical analyses were carried out in Stata
© Version 10.1. Multiple linear regression 
was used to investigate the factors that influence home range  size (Section 6.3.3); 
models containing different combinations of variables were ranked by AICc to identify 
those most parsimoniously supported by the data. Pearson’s chi-squared statistic was 
used to assess whether proportional use of rest site types differed between possum 
species and field sites. Tendencies for individual possums to avoid or associate with 
one another were assessed using Jacob’s index (Jacobs 1974), calculated within the 
Ranges6
© application (Section 6.3.4).  
6.3 RESULTS 
6.3.1 Dispersal patterns of translocated P. occidentalis 
Translocated  P. occidentalis  were  released  at  locations  within  or  close  to  tracts  of 
peppermint-dominated habitat (see Fig. 6.5). While many P. occidentalis remained in 
the vicinity of their release locations, some individuals dispersed widely. All locations 
from radio-collared P. occidentalis tracked during the course of the study are shown in 
Fig. 6.6 along with the dispersal routes of the 10 animals that moved furthest. In most 
cases duration of survival of these animals was limited, especially if they moved into 
areas of less dense vegetation.  
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Figure 6.6 Dispersal routes of 10 translocated P. occidentalis after release, overlaying orthophotos of the field 
sites. Dashed lines are males and solid lines females. Pink stars show release locations; yellow dots indicate 
location fixes from all translocated P. occidentalis. Trapping web locations for T. vulpecula (Nowicki 2007) are 
also shown (black).  Chapter 6 – Home range   
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Translocated  P. occidentalis  travelled  total  distances  of  up  to  9.5  km  during  these 
dispersal movements. The longest distance recorded over a single 24 hour period was 
2.5 km, by the female at Leschenault Peninsula. Much of her travelling time would 
have  been  spent  on  the  ground.  A  male  P. occidentalis  that  travelled  6.5  km 
southwards from his release site at Martin’s Tank spent six weeks near an isolated 
farmhouse in the vicinity of a dam surrounded by peppermint and tuart trees, before 
moving to the small settlement of Preston Beach where he resided for a number of 
weeks in a tree next to an occupied house. This animal too would have traversed much 
open ground to reach his final destination. 
Of the 10 P. occidentalis whose dispersal routes are mapped in Fig. 6.6, seven died or 
disappeared within 3 months and the others lived 4, 5 and 11 months respectively. 
Predation, mainly by foxes and raptors, was the most common cause of death. The 
possum that reached Preston Beach township was re-located back to Martin’s Tank 
following capture for collar replacement; however, he again moved away and was 
ultimately killed by a fox. One male P. occidentalis released at Martin’s Tank was found 
dead on the eastern side of Lake Clifton, presumably transported there by a raptor. His 
carcass was very muddy, suggesting that he had ventured onto the lake shore prior to 
capture. The longest-lived of the P. occidentalis that dispersed widely was a male at 
Preston Beach Rd which moved south-east into an area of mallee eucalypts, Melaleuca 
shrubs and grass trees where he lived for 11 months before his collar went off the air.  
6.3.2 Home ranges in relation to vegetation strata 
Release  sites  for  translocated  P. occidentalis  were  within  or  close  to  peppermint-
dominated  vegetation  strata  (Fig.  6.5).  Thus  radio-collared  P. occidentalis  had  the 
opportunity to take up residence in the areas considered to be most suitable habitat 
for coastal populations of the species (de Tores 2005, Jones et al. 1994b). Locations of 
trapping  webs  at  which  T. vulpecula  were  caught  for  radio-collaring  were  close  to 
P. occidentalis release sites (Fig. 6.6). The T. vulpecula used in this study originated 
from all webs except the southern one at Martin’s Tank. Therefore, possums of both 
species had similar opportunities for selection of habitat type. Fixes from all collared Chapter 6 – Home range   
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possums at each of the study sites, superimposed on polygons of vegetation type, are 
shown in Figs 6.7, 6.8 and 6.9. Home ranges are also shown for animals that provided 
sufficient numbers of fixes for kernel analysis.  
 
 
Figure  6.7  Location  fixes  for  radio-tracked  P. occidentalis  (black)  and 
T. vulpecula (blue) at Leschenault Peninsula, superimposed on polygons of 
vegetation type. Inset maps show 90% and 50% home range cores for those 
possums  that  provided  sufficient  locations  for  kernel  analysis  (P. 
occidentalis  in  black;  T. vulpecula  in  blue).  Pink  stars  indicate  release 
locations of translocated P. occidentalis.  
 
In the northern section of the Leschenault Peninsula site (Leschenault North) nearly 
every possum location was within the peppermint-dominated stratum, this being the 
main vegetation type available (Fig. 6.7). Although location fixes from P. occidentalis 
tended to be segregated from those of T. vulpecula, at least 98% of each animal’s 
home range was in peppermint-dominated habitat for both species (Fig. 6.10a).  Chapter 6 – Home range   
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In contrast, at the southern site (Leschenault South) where mixed peppermint-tuart 
habitat  was  more  common,  fixes  from  T. vulpecula  occurred  mainly  in  the  mixed 
peppermint-tuart  habitat  while  P. occidentalis  tended  to  prefer  peppermint-
dominated  areas  (Fig.  6.7).  On  average,  72%  of  P. occidentalis  home  ranges  in 
Leschenault  South  were  in  the  peppermint-dominated  stratum  and  27%  in  mixed, 
while 96% of T. vulpecula ranges were in the mixed habitat type and only 4% in the 
peppermint-dominated stratum (Fig. 6.10b).  
 
   
 
Figure  6.8  Location  fixes  for  radio-tracked  P. occidentalis  (black)  and 
T. vulpecula  (blue)  at  Martin’s  Tank,  superimposed  on  polygons  of 
vegetation type. Symbology as for Fig. 6.7. Fire exclusion zone outlined in 
black on the main map. 
 
Although several of the P. occidentalis released at Martin’s Tank remained partially or 
entirely within peppermint-dominated habitat, a number moved into mixed areas and Chapter 6 – Home range   
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into strata dominated by other vegetation types (Fig. 6.8). For those that survived long 
enough to provide sufficient data for kernel home range analysis, 51% of home ranges 
were in the peppermint-dominated stratum, 29% in mixed habitat and 20% in the 
stratum dominated by species other than peppermint (Fig. 6.10c).  
Five  T. vulpecula  were  radio-tracked  in  this  region;  only  three  of  these  provided 
sufficient  data  for  home  range  estimation.  Location  fixes  were  found  in  all  three 
vegetation strata, and average percentages of home ranges were similar to those of 
P. occidentalis,  namely  47%,  28%  and  25%  for  the  peppermint,  mixed  and  other-
dominated strata respectively. Individual animals, however, varied in the amounts of 
each habitat type they utilised (Fig. 6.8).  
At Preston Beach Rd P. occidentalis were released into either peppermint-dominated 
or mixed peppermint-tuart sites. Those at mixed sites generally moved away from 
their release locations and none survived long enough for home range analysis. Most 
of  those  released  into  peppermint  habitat  remained  within  this  stratum  and  the 
adjacent mixed habitat (Fig. 6.9) which contained tuart, Banksia, S. globulosum and M. 
rhaphiophylla,  as  well  as  peppermint.  One  animal  moved  further  into  habitat 
dominated by other plant species. Of the four home ranges analysed, P. occidentalis 
home ranges consisted of 26% peppermint, 34% mixed, and 40% other-dominated 
vegetation (Fig. 6.10d).  
Only four T. vulpecula were radio-tracked at Preston Beach Rd; home ranges were 
calculated for three of these. Location fixes were found in all three vegetation strata 
(Fig. 6.9), averaging 26%, 50% and 24% of home ranges for peppermint, mixed and 
other-dominated vegetation respectively (Fig. 6.10d).  Chapter 6 – Home range   
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Figure  6.9  Location  fixes  for  radio-tracked  P. occidentalis  (black)  and 
T. vulpecula  (blue)  at  Preston  Beach  Rd,  superimposed  on  polygons  of 
vegetation. Symbology as for Fig. 6.7.  
 
Overall,  use  of  the  peppermint-dominated  stratum  was  greatest  at  Leschenault 
Peninsula,  especially  for  P. occidentalis  (Fig.  6.10).  At  the  Leschenault  South  there 
appeared to be some habitat partitioning between the two possum species (Figs 6.7 
and 6.10b). At all other sites the proportions of home ranges found in each vegetation 
type were similar for both possum species. Use of peppermint-dominated habitat was 
least at Preston Beach Rd where it was least abundant. Home ranges of individual 
possums varied in the percentages of different vegetation types utilised. Nine out of 24 
P. occidentalis home ranges were entirely within the peppermint-dominated stratum 
(38% of animals), one home range was entirely in the other-dominated category (4%), 
six  ranges  encompassed  all  vegetation  types  in  varying  proportions  (25%)  and  the 
remaining eight utilised two strata only (33%). Five of 18 T. vulpecula ranges were Chapter 6 – Home range   
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entirely within peppermint (28%), five entirely within mixed (28%), and the remainder 
included two or three strata (5 and 3 animals respectively).  
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Figure 6.10 Mean percentages of home ranges areas in each vegetation type for 
P. occidentalis (black) and T. vulpecula (striped) at each field site.  
 
There was a significant interaction between species and site for the mean percentages 
of home range in peppermint-dominated and mixed strata, using 2-way ANOVA (Table 
6.1), due to the habitat partitioning at Leschenault South (Figs 6.7 and 6.10). Significant 
site differences in use of each vegetation type (Table 6.1) were correlated with relative 
habitat  availability  (Fig.  6.5),  with  peppermint-dominated  habitat  used  most  at 
Leschenault North, and mixed habitat at Leschenault South.  
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Response variable Source Partial SS df MS F Prob>F
site 29610.3 3 9870.1 12.43 0.000 **
species 2648.0 1 2648.0 3.33 0.077
site*species 8497.8 3 2832.6 3.57 0.024 *
Residual 27003.8 34 794.2
site 20824.1 3 6941.4 10.95 0.000 **
species 3800.7 1 3800.7 5.99 0.020 *
site*species 8250.2 3 2750.1 4.34 0.011 *
Residual 21560.8 34 634.1   
site 7.9 3 2.6 2.07 0.158
species 0.1 1 0.1 0.11 0.748
site*species 0.0 1 0.0 0.01 0.941
Residual 15.3 12 1.3   
* significant at 0.05 level; ** significant at 0.001 level
Table 6.1 Two-way ANOVA table testing the effects of site, possum species and the
interaction between these variables on mean percentages of each habitat type in possum
home ranges. Mean % other-dominated was log transformed to meet assumptions of
normality 
mean % peppermint-dominated 
vegetation in home range
mean % mixed peppermint-other 
vegetation in home range
log mean % other-dominated 
vegetation in home range
 
 
6.3.3 Factors affecting home range size 
Altogether 939 diurnal and 586 nocturnal location fixes were obtained from radio-
collared possums. Mean (±SE) numbers of fixes obtained per possum were 8.5 (±0.85), 
range 1-29, for P. occidentalis and 16.8 (±2.10), range 1-31, for T. vulpecula. Home 
range areas were calculated using both the fixed kernel density estimator and the MCP 
method (the latter for comparison with other studies). Kernel-derived areas enclosed 
by the 90% and 50% isopleths are reported for each animal in Table 6.2, representative 
of overall and core home ranges (Section 6.2.4). The 90% MCP areas are also provided. 
One  of  the  P. occidentalis  moved  from  the  southern  to  the  northern  section  of 
Leschenault  Peninsula  midway  through  the  period  of  tracking  (Section  6.3.5).  Two 
separate home ranges were estimated for this animal (Table 6.2) because the centres 
of activity were 5 km apart and the possum did not travel back and forth between 
them.  
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Field 
Site
Possum 
ID
Months 
on air
Status at 
end of 
study
N 
fixes H ref
Kernel 
50% core 
(Ha)
Kernel 
90% core 
(Ha)
90% MCP     
(Ha)
LP PoF177  8 off air 36 6.76 1.16 2.44 2.13
PoF179  4 dead 15 3.98 0.21 0.77 0.60
PoF190  6 dead 17 4.12 0.43 0.93 0.57
PoF197  3 dead 20 1.96 0.06 0.20 0.25
PoF208a 11 alive 17 6.55 0.13 0.50 0.79
PoF208b 11 alive 20 4.85 1.77 4.75 4.45
PoF212  8 dead 25 3.01 0.16 0.43 0.36
PoF214  9 alive 30 3.77 0.28 1.34 1.27
MT PoF175  9 off air 32 4.66 0.69 1.79 1.88
PoF183  9 dead 26 4.08 0.51 1.16 1.04
PoF203  11 alive 25 2.57 0.15 0.47 0.31
PoF206  11 alive 27 7.85 0.63 2.23 0.95
PoF207  6 dead 15 3.58 0.17 0.61 0.47
PBR PoF210  11 alive 30 5.64 0.66 1.35 1.12
LP PoM132  6 dead 19 20.99 5.17 16.51 10.77
PoM139  12 alive 34 6.94 1.98 4.72 4.89
MT PoM124  7 dead 22 5.03 0.40 1.03 0.52
PoM128  7 dead 23 2.34 0.15 0.40 0.34
PoM129  8 off air 26 4.29 0.40 1.07 14.83
PoM140  17 dead 45 15.03 3.91 14.90 12.31
PoM148  11 off air 36 10.29 2.25 5.06 2.40
PoM154  5 dead 16 3.5 0.28 0.85 1.05
PBR PoM155  11 alive 16 7.71 0.82 2.71 6.95
PoM156  11 alive 30 6.29 1.21 2.80 2.08
LP TvF001  7 dead 20 27.16 4.56 15.84 2.25
TvF008  15 alive 50 3.5 0.19 0.61 0.94
TvF013  12 alive 46 3.38 0.19 0.64 1.13
TvF014  12 alive 46 3.85 0.46 1.35 1.22
TvF015  12 alive 43 5.21 0.60 1.85 1.63
TvF016  12 alive 44 5.17 0.43 1.65 1.52
MT TvF006  15 alive 44 5.92 1.88 4.52 6.32
TvF007  15 alive 42 8.68 1.21 3.24 2.70
PBR TvF002  18 alive 39 4.2 0.27 1.02 1.08
TvF003  15 alive 41 9.66 1.36 3.70 2.12
LP TvM005  15 alive 53 2.23 0.12 0.46 2.11
TvM012  3 dead 15 12.53 2.13 5.79 5.28
TvM013  8 dead 30 14.34 2.31 7.25 6.15
TvM014  12 alive 34 8.09 1.08 2.41 1.86
TvM015  12 alive 39 14.73 5.09 11.69 7.07
TvM028  4 alive 18 5.26 0.72 1.93 1.17
MT TvM004  15 alive 46 9.47 2.17 5.78 8.83
PBR TvM002  10 dead 28 7.11 1.08 2.54 1.23
Female 
T.vulpecula
Male 
T.vulpecula
Table 6.2 Home range areas (90% and 50% kernels and 90% MCP) and other information
for all possums providing ≥ 15 fixes. H ref values of the fixed kernels are provided (see
Section 6.2.4). Matrix grid size was held constant for all ranges.
Female 
P.occidentalis
Male 
P.occidentalis
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Overall home ranges (90% kernels) ranged from 0.20  - 16.51 ha for P. occidentalis 
(mean ±S E = 2.9 ± 0.86) and from 0.46 - 15.84 ha for T. vulpecula (mean ±S E = 4.0 ± 
0.97) (Table 6.2). Core areas (50% kernels) ranged from 0.06 - 5.17 ha and 0.12 - 5.09 
ha  for  P. occidentalis  and  T. vulpecula  respectively.  There  was  a  high  level  of 
correlation between the 90% kernel and 90% MCP areas (Spearman’s rank correlation 
coefficient = 0.609, r = 0.834, p < 0.001, n = 42) and no significant differences between 
mean  values  (paired  two-sided  t-test,  df=41  t=-0.647,  P=0.522);  however,  some 
individual ranges showed large differences between the two measures of home range 
size (e.g. PoM129, whose range was bimodal (Section 6.3.5), and TvF001 who ranged 
widely in an east-west direction).  
Male  ranges  tended to  be  larger  than  those  of  females  (Fig.  6.11);  there  were  no 
marked differences between possum species. There was a significant effect of sex on 
the log-transformed 90% home range kernel, but no effect of species or sex*species 
(2-way ANOVA, Table 6.3).  
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Figure 6.11 Mean 90% and 50% home range areas (Ha) for both possum species by sex. 
Standard error bars are shown. 
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Response variable Source Partial SS df MS F Prob>F
a) species 2.37 1 2.37 2.32 0.136
sex 5.40 1 5.40 5.29 0.027 *
species*sex 0.64 1 0.64 0.62 0.434
Residual 38.83 38 1.02   
b) species 2.76 1 2.76 2.73 0.107
sex 6.03 1 6.03 5.96 0.019 *
Residual 39.47 39 1.01
* significant at 0.05 level
Table 6.3 Two-way ANOVA table testing the effects of possum species and sex on home
range size: a) with interaction of species*sex; b) without the non-significant interaction
log-transformed 90% home range 
kernel area
log-transformed 90% home range 
kernel area
 
 
Factors  affecting  home  range  size  were  modelled  using  multiple  linear  regression 
methods. Analyses were carried out for  P. occidentalis  and  T. vulpecula  separately. 
Explanatory  variables  included  in  the  models  were:  field  site,  age,  sex,  number  of 
different rest sites used (as a proportion of the total diurnal observations for each 
individual),  mean  number  of  connecting  trees  at  diurnal  and  nocturnal  locations, 
percentages  of  home  range  within  peppermint-dominated,  mixed  and  other-
dominated vegetation strata, number of T. vulpecula at the closest trapping web (from 
Nowicki (2007), mean distance of fixes from release site (P. occidentalis only), number 
of known-to-be-alive conspecifics within 1 km (P. occidentalis only), and number of 
fixes obtained.  
The data for each possum are provided in Table 6.4. No more than two variables were 
included in any single model to avoid over-fitting the data. Variables were transformed 
as necessary (Table 6.5) to ensure that they were normally distributed (assessed using 
skewness/kurtosis and Shapiro-Wilk tests in Stata
©). Models were ranked by AICc, and 
slope coefficients for each parameter were examined to see if their 95% confidence 
intervals excluded zero. 
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ID HR Age Day 
Diff
Con 
Day
Con Ni Pepp 
Dom
Pepp 
Mix
Other 
Dom
CBP Dist Consp N
PoF175  1.79 A 0.56 3.8 4.5 78 0 22 15.76 168 5 32
PoF177  2.44 A 0.57 5.2 5.1 100 0 0 22.48 415 6 36
PoF179  0.77 A 0.25 8.4 6.0 100 0 0 22.48 345 6 15
PoF183  1.16 A 0.69 3.5 4.6 100 0 0 15.76 113 5 26
PoF190  0.93 A 0.75 3.4 3.7 100 0 0 22.48 50 5 17
PoF197  0.20 S 0.18 3.9 3.0 40 61 0 27.24 41 2 20
PoF203  0.47 A 0.33 2.6 3.3 100 0 0 16.53 240 6 25
PoF206  2.23 A 0.27 3.8 2.4 12 41 48 16.53 287 6 27
PoF207  0.61 A 0.22 2.1 3.0 100 0 0 15.76 1270 6 15
PoF208a 0.50 A 0.27 3.3 4.3 100 0 0 27.24 781 4 17
PoF208b 4.75 A 0.67 3.4 3.9 93 0 7 22.48 2358 3 20
PoF210  1.35 S 0.39 3.2 3.5 48 49 3 21.49 231 4 30
PoF212  0.43 A 0.53 3.9 4.0 100 0 0 22.48 36 4 25
PoF214  1.34 A 0.18 3.0 3.7 100 0 0 27.24 60 1 30
PoM124  1.03 A 0.45 1.3 3.6 35 65 0 15.76 155 5 22
PoM128  0.40 S 0.73 4.3 3.9 70 0 30 15.76 84 5 23
PoM129  1.07 S 0.46 3.1 4.8 44 2 55 15.76 737 5 26
PoM132  16.51 A 0.78 4.9 4.1 50 48 8 27.24 402 5 19
PoM139  4.72 A 0.67 4.9 3.5 100 0 1 22.48 133 4 34
PoM140  14.90 A 0.50 3.2 3.1 0 79 21 16.53 1221 6 45
PoM148  5.06 S 0.48 3.4 4.6 9 51 40 16.53 981 6 36
PoM154  0.85 A 0.62 1.4 4.5 13 85 3 15.76 164 5 16
PoM155  2.71 A 0.53 2.4 3.7 0 0 100 21.49 941 4 16
PoM156  2.80 A 0.59 3.2 3.5 28 52 20 21.49 263 4 30
TvF001  15.84 A 0.20 1.9 3.3 23 78 0 27.24 20
TvF002  1.02 A 0.15 4.5 3.8 0 86 14 34.32 39
TvF003  3.70 A 0.46 3.6 2.3 0 61 39 34.32 41
TvF006  4.52 S 0.52 3.4 6.0 82 18 0 16.53 44
TvF007  3.24 A 0.40 3.9 4.0 44 41 16 16.53 42
TvF008  0.61 A 0.04 2.0 3.1 100 0 0 22.48 50
TvF013  0.64 A 0.12 1.7 2.6 0 100 0 27.24 46
TvF014  1.35 A 0.27 2.2 3.0 0 100 0 27.24 46
TvF015  1.85 S 0.17 1.0 3.4 100 0 0 22.48 43
TvF016  1.65 A 0.08 1.0 3.6 100 0 0 22.48 44
TvM002  2.54 A 0.53 2.7 3.7 79 3 18 21.49 28
TvM004  5.78 A 0.38 2.9 3.7 16 25 60 16.53 46
TvM005  0.46 A 0.10 2.0 4.0 100 0 0 22.48 53
TvM012  5.79 A 0.50 1.5 2.3 0 100 0 27.24 15
TvM013  7.25 A 0.19 2.1 2.1 5 95 0 27.24 30
TvM014  2.41 A 0.53 2.9 2.5 0 100 0 27.24 34
TvM015  11.69 A 0.25 4.0 2.8 100 0 0 22.48 39
TvM028  1.93 A 0.50 3.3 4.3 0 100 0 27.24 18
Table 6.4 Variables included in regression analyses to determine factors influencing home
range size. See Table 6.2 for field site and sex. Age categories are adult (A) and subadult (S).
Other column labels are described in Table 6.5.
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Abbrev. Model component Transformation
HR Home range size (kernel 90% core)* log
Site Site
Age Age
Sex Sex
N N locations
DayDiff N different rest sites (standardised)
Dist Distance from release site log
ConDay Tree connectivity: diurnal (mean) log
ConNi Tree connectivity: nocturnal (mean)
CBP T. vulpecula population size (nearest web)
PeppDom Proportion home range in Peppermint-dominated strata arcsine sqare root
PeppMix Proportion home range in Peppermint-mixed strata arcsine sqare root
OtherDom Proportion home range in Other-dominated strata arcsine sqare root
ConSp N known conspecifics alive at field site
Table 6.5 Model components for regression analyses. Relevant transformations are
indicated, and abbreviated variable names provided.
* Dependent variable  
 
Model ranking identified the parameters that best explained variability in home range 
size. The best model of the set tested for P. occidentalis included number of fixes (N) 
and distance from release site (Dist) (Table 6.6a). Slope parameters for both variables 
did not include zero in their 95% confidence intervals, indicating significant positive 
effects (Table 6.7a). The second-best model, also highly supported, included Dist and 
the number of different rest sites used by the possum (DayDiff).  Again, the 95% slope 
parameter confidence interval for DayDiff did not include zero.  
For T. vulpecula, the top model included only N (Table 6.6b); this was the only variable 
in  any  of  the  models  tested  for  which  the  95%  confidence  interval  of  the  slope 
parameter did not include zero (Table 6.7b). The next best supported model included 
DayDiff in addition to N; this model was only just within 2 AICc of the top model. 
Details of the top model for each species are shown in Table 6.7.  
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a) P. occidentalis                             
Model Obs
LL 
(null)
LL 
(model) df AICc
delta 
AICc AIC
Variables for which 95% 
CI does not include zero
Dist+N 24 -36.1 -28.3 3 63.8 0.0 62.5 Dist, N
Dist+DayDiff 24 -36.1 -28.4 3 64.1 0.3 62.9 Dist, DayDiff
N+DayDiff 24 -36.1 -30.0 3 67.2 3.5 66.0 N, DayDiff
Dist+Sex 24 -36.1 -30.3 3 67.9 4.1 66.6 Dist
N+Sex 24 -36.1 -30.4 3 68.0 4.2 66.7 N, Sex
Dist 24 -36.1 -32.5 2 69.5 5.7 68.9 Dist
Dist+PeppMixed 24 -36.1 -31.3 3 69.8 6.1 68.6 Dist
N 24 -36.1 -32.7 2 70.0 6.2 69.4 N
Dist+PeppDom 24 -36.1 -31.4 3 70.0 6.2 68.7 Dist
Sex 24 -36.1 -33.4 2 71.4 7.6 70.8 Sex
DayDiff 24 -36.1 -33.6 2 71.8 8.0 71.2 DayDiff
PeppDom 24 -36.1 -34.1 2 72.8 9.0 72.2
OtherDom 24 -36.1 -34.5 2 73.5 9.7 72.9
PeppMix 24 -36.1 -35.1 2 74.7 11.0 74.1
Age 24 -36.1 -35.4 2 75.3 11.5 74.7
ConSp 24 -36.1 -35.7 2 76.0 12.2 75.4
ConDay 24 -36.1 -35.8 2 76.2 12.4 75.6
Site 24 -36.1 -36.0 2 76.6 12.8 76.0
ConNi 24 -36.1 -36.1 2 76.7 12.9 76.1
CBP 24 -36.1 -36.1 2 76.7 12.9 76.1
Full model 24 -36.1 -9.4 14 99.3 35.6 46.8 Dist, N, DayDiff, Age
b) T. vulpecula                            
Model Obs
LL 
(null)
LL 
(model) df AICc
delta 
AICc AIC
Variables for which 95% 
CI does not include zero
N 18 -25.1 -21.8 2 48.3 0.0 47.7 N
N + DayDiff 18 -25.1 -21.5 3 50.2 1.9 48.9
N + Sex 18 -25.1 -21.8 3 50.9 2.6 49.7 N
DayDiff 18 -25.1 -23.4 2 51.4 3.1 50.8
Sex 18 -25.1 -24.5 2 53.7 5.4 53.1
ConDay 18 -25.1 -24.7 2 54.0 5.8 53.4
OtherDom 18 -25.1 -24.9 2 54.4 6.1 53.8
PeppDom 18 -25.1 -24.9 2 54.5 6.2 53.9
ConNi 18 -25.1 -25.0 2 54.6 6.3 54.0
CBP 18 -25.1 -25.0 2 54.6 6.3 54.0
PeppMix 18 -25.1 -25.0 2 54.6 6.3 54.0
Age 18 -25.1 -25.1 2 54.7 6.5 54.1
Site 18 -25.1 -25.1 2 54.8 6.5 54.2
full 18 -25.1 -11.6 12 78.5 30.2 47.3 N
Table 6.6 Models ranked by AICc for a) P. occidentalis and b) T. vulpecula where
log(Home Range area) is the dependent variable. Models within 2 AICc of the top
model are highlighted for each set. Model components are described in Table 6.5.
 
 
Number of fixes (N) was a major explanatory variable for home range size in both 
species; this suggests that for many animals insufficient fixes were obtained for stable 
home  range  estimation  (Section  6.4.1).  The  mean  distance  of  loc ations  from  the 
possum’s release site (Dist) was also important for P. occidentalis. This could be due to Chapter 6 – Home range   
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animals moving into areas of less suitable habitat; however, neither the proportions of 
home  range  in  each  of  the  three  vegetation  strata,  nor  vegetation  connectivity 
possessed similar explanatory power.  
 
a) P. occidentalis     Source SS df MS N obs 24
F(4, 19) 9.63
Model 13.58 2 6.79 Prob > F 0.00
Residual 14.80 21 0.70 R-squared 0.48
Adj R-squared 0.43
Total 28.38 23 1.23 Root MSE 0.84
Parameter Coef. Std. Err. t P>t [95% Conf. Interval]
Distance from release site 0.46 0.15 3.06 0.006 0.15 0.77
N locations 0.07 0.02 2.97 0.007 0.02 0.11
intercept -3.81 0.99 -3.84 0.001 -5.88 -1.75
b) T. vulpecula       Source SS df MS N obs 18
F(1, 16) 6.96
Model 5.19 1 5.19 Prob > F 0.02
Residual 11.93 16 0.75 R-squared 0.30
Adj R-squared 0.26
Total 17.12 17 1.01 Root MSE 0.86
Parameter Coef. Std. Err. t P>t [95% Conf. Interval]
N locations -0.05 0.02 -2.64 0.018 -0.09 -0.01
intercept 2.80 0.74 3.81 0.002 1.24 4.36
Table 6.7 Regression outputs for the best-supported models of those listed in Table 6.6
for a) P. occidentalis and b) T. vulpecula
 
 
The number of different rest sites used by each animal (DayDiff) also helped explain 
the  variability  in  home  range  size  for  P. occidentalis,  and  was  the  second  most 
important single variable for T. vulpecula. Multiple use of particular rest sites over time 
provides  a  core-weighting  effect  in  kernel  density  analysis;  while  well-spread  out 
locations  have  the  opposite  effect.  Kernel-derived  home  range  size  estimates  are 
affected by the distribution of locations within the range, as well as the overall spread 
(Gitzen et al. 2006, Hemson et al. 2005, Millspaugh et al. 2006). This does, however, 
reflect a biological reality, i.e. the animal tends to utilise some parts of its range more 
intensely than others (de Solla et al. 1999).  Chapter 6 – Home range   
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Overall, sample sizes of both individuals and locations per individual were too small for 
the detection of ecologically relevant effects on home range size (Garton et al. 2001), 
such as floristic structure, canopy connectivity, age or sex. Individual variability was 
high, and the effect of the number of fixes obtained outweighed other variables of 
interest.  Sampling  strategies  for  improved  comparative  home  range  studies  are 
discussed further in Section 6.4.1.  
6.3.4 Range overlaps between individuals and species 
Several possum home ranges showed spatial overlap (Figs 6.7 - 6.9); however, fewer of 
these overlapped in time. There were limited numbers of collared possums present at 
any one site simultaneously and, due to dispersal of many translocated P. occidentalis, 
not many home ranges were spatially and temporally coincident. Examples of possums 
that did coexist within 2 km
2 regions at Martin’s Tank and Leschenault Peninsula are 
shown in Fig. 6.12.  
The percentage overlaps of each possum’s range with all other individuals with which 
it was temporally coincident within the regions shown in Fig. 6.12, plus a similar region 
at  Preston  Beach  Road,  were  calculated  in  Ranges6
©  software.  Home  range  was 
defined as the area within the 90% isopleth and core area as the area within the 50% 
isopleth. Mean percent range and core overlaps within and between sexes, and within 
and between species are shown in Table 6.8 and Fig. 6.13.  
Mean  percent  home  range  overlaps  were  greatest  for  female  P. occidentalis 
overlapped by male P. occidentalis (59%) and least for female-female overlaps within 
P. occidentalis (12%). Fewer pairs of animals had overlapping core areas compared to 
the numbers with overlapping home ranges (Table 6.8). Within-sex sample sizes of 
individuals with overlapping home ranges were lower than sample sizes of opposite-
sex  pairs  for  both  species.  The  numbers  of  inter-specific  overlapping  pairs  of 
individuals were larger than those of within-species pairs. The average home range 
overlap for P. occidentalis by T. vulpecula (and vice versa) was 21% (Fig. 6.13); core 
ranges overlapped by 11% and 9% respectively. 
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Figure 6.12 Temporally coincident kernel home ranges (90% and 50% isopleths) of 
male and female P. occidentalis and T. vulpecula in northern and southern regions at 
two  field  sites.  All  four  maps  are  at  the  same  scale.  Bimodal  ranges  from  single 
individuals are joined by straight lines.  
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N possible 
overlaps
N actual 
overlaps       
(home range)
N actual 
overlaps 
(core)
Mean % 
overlap   
(home range)
Mean % 
overlap 
(core)
P. occidentalis
Female-Female 10 5 1 12% 1%
Male-Male 4 1 0 15% 0%
Male by Female 24% 36%
Female by Male 59% 59%
T. vulpecula
Female-Female 6 5 3 28% 23%
Male-Male 3 3 1 28% 51%
Male by Female 19% 18%
Female by Male 47% 44%
P.occidentalis by T.vulpecula 21% 11%
T.vulpecula by P.occidentalis 21% 9%
P. occidentalis and T. vulpecula
55 27 7
Table 6.8 Pairs of individual possums occupying the same 2 km
2 areas: Numbers
whose ranges overlapped and the mean percentages of overlap.
27 8 4
12 10 6
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Figure  6.13  Mean  percent home  range  overlaps  (90%  kernel  isopleths)  within  and 
between possum species.  
 
Although the above data give an indication of the spatial overlap of home ranges of 
animals alive during the same 6-month periods of time, they do not show whether the 
possums occupy the overlapping portions of their ranges simultaneously. Ranges6
© 
can also perform a dynamic interaction analysis routine which provides a “cohesion” 
index  for  the tendency  of  pairs  of  animals to be  close  together  at  the  same  time 
(Kenward et al. (1993) in Kenward et al. (2003). All the observed and possible distances Chapter 6 – Home range   
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between pairs of animals are compared using Jacob’s Index (JI) (Jacobs 1974), which 
ranges from -1 if animals tend to avoid each other to +1 if animals are closer together 
than would be expected if locations were randomly distributed (JI=0). The user can set 
the maximum time duration within which pairs of observations must occur (Kenward 
et al. 2003); in this case 15 min was used.  
A total of 157 pairs of animals were observed within 15 min of each other over the 
course of the study. Seventy-one were only observed on a single occasion; JI was by 
necessity zero for these. Jacob’s Indices for the remaining 87 pairs ranged between -
0.29 and +1.0 (Fig. 6.14).  
Of the 16 pairs of animals with JI >0.3 (Table 6.9), four were male-female T. vulpecula 
pairs. Two of these were known to co-habit rest sites; the two others were also likely 
to  have  been  mating  pairs.  Two  pairs  of  male  T. vulpecula  and  two  pairs  of  male 
P. occidentalis  had  high  indices,  possibly  related  to  territorial  disputes;  one  of 
P. occidentalis pairs was observed fighting on one occasion. 
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Figure 6.14 Jacobs Indices, ranked by magnitude, for 87 pairs of possums which 
were observed within 15 min of each other at least twice during the study. 
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Species Sex ID1 ID2 Jacob's Index N obs
T. vulpecula MF TvF013 TvM013 0.93 21
TvF008 TvM005 0.70 39
TvF014 TvM028 0.66 13
TvF015 TvM015 0.51 20
MM TvM003 TvM004 0.96 3
TvM012 TvM013 0.65 4
P. occidentalis MM PoM131 PoM132 0.62 2
PoM113 PoM150 0.55 2
MF PoF212 PoM139 0.76 8
PoF182 PoM130 0.68 2
PoF175 PoM128 0.44 7
PoF197 PoM152 0.43 5
PoF208 PoM139 0.31 6
F-juv PoF190 PoM137 1.00 2
PoF175 PoM136 1.00 3
PoF177 PoM184 1.00 8
Table 6.9 Pairs of possums with Jacob's Indices >0.30
 
 
Five male-female P. occidentalis pairs had JIs between 0.31 and 0.76 (Table 6.9); one of 
the males (PoM139) was observed following female PoF212 closely on two occasions. 
This male associated with PoF208 after PoF212 died; PoF208 had shifted her previously 
established range into that of PoM139, possibly in search of a mate (Section 6.3.5). The 
three  pairs  of  P. occidentalis  with  JIs  of  1.0  were  all  mother-offspring  pairs.  The 
offspring of PoF175 was a back-riding juvenile when observed; the others were nearing 
independence and not always observed with their mothers.  
Further evidence of associations between individuals was obtained through the use of 
contact telemetry (Section 2.2.4 in Chapter 2). Contact collars (also known as proximity 
loggers (Ji et al. 2005) were only available for T. vulpecula during the period of study, 
so data collection was limited to that species. Ten T. vulpecula carried contact collars 
between Oct 2007 and Feb 2008. Three were at Martin’s Tank, three at Leschenault 
North  and  four  at  Leschenault  South.  The  collars  were  still  in  the  research  and 
development stage (P. Sargisson
17 and R. Calder
18, personal communication), and all 
                                                      
17 Sirtrack Wildlife Tracking Solutions 
18 Sirtrack Wildlife Tracking Solutions Chapter 6 – Home range   
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failed within 13 weeks of deployment. However, the data that were obtained shed 
some additional light on interactions between individual T. vulpecula. The numbers of 
contact events (as defined in Section 2.2.4 in Chapter 2 ) between pairs of T. vulpecula 
living within the same 2 km
2 areas, along with total contact durations for each pair, are 
shown in Table 6.10. Percent home range overlaps and Jacob’s Indices derived from 
the analysis of location data are also shown. 
 
Sexes ID1 ID2
Mean % home range 
overlap
MF TvF014 TvM028 836 (19) 0.66 (13) 72%
TvF007 TvM004 224 (8) 0.03 (12) 0%
TvF013 TvM014 75 (5) 0.00 (13) 0%
TvF013 TvM028 0.1 (1) -0.01 (3) 0%
TvF006 TvM004 (0) -0.03 (3) 0%
TvF014 TvM014 (0) 0.01 (15) 0%
TvF015 TvM005 (0) 0.03 (22) 0%
TvF016 TvM005 (0) 0.05 (18) 0%
FF TvF015 TvF016 113 (9) 0.14 (33) 52%
TvF007 TvF006 3 (7) -0.05 (15) 15%
TvF013 TvF014 (0) 0.00 (18) 0%
MM TvM014 TvM028 (0) -0.13 (12) 8%
Table 6.10 Total contact time recorded for pairs of T. vulpecula carrying contact collars
and living in the same 2 km
2 vicinity. N contact events in brackets. Jacob's Index (and
associated N obs) and % home range overlap (90% isopleths) shown for comparison.
Total contact time 
(min)
Jacob's Index
 
 
The male-female pair with the greatest total contact duration (836 min) also showed a 
large positive JI (0.66) and a home range overlap of 72%. In contrast, two other male-
female pairs with total contact durations of 224 and 75 mins had JIs close to zero and 
no  apparent  home  range  overlaps.  This  suggests  that  amount  of  radio -telemetry 
carried out was insufficient to fully map these animals’ movements (despite collection 
of >40 fixes for each animal), and emphasises the use of alternative technology such as 
proximity detection for understanding animal movements and behaviour.  
Two female-female T. vulpecula pairs showed a degree of home range overlap along 
with several short contact events (Table 6.10). It was highly likely that  TvF015 and 
TvF016 were mother and daughter as they were initially captured in the same vicinity, Chapter 6 – Home range   
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one  being  a  sub-adult  at  the  time.  They  shared  a  rest  site  (burrow)  on  several 
occasions prior to the attachment of contact collars and had overlapping home ranges. 
The other pair of females may also have been related, as one was again a sub-adult at 
initial capture and their ranges were adjacent.  
6.3.5 Post-establishment range changes 
Most  translocated  P. occidentalis  that  lived  long  enough  to  establish  home  ranges 
remained in the same localised region throughout the period of time that they were 
tracked.  However,  there  were  four  notable  exceptions.  One  female,  PoF208,  at 
Leschenault Peninsula spent her first 4.5 months not far from the southern release 
area before making a sudden 2.3 km move to the northern area (Fig. 6.15a). This move 
followed the weaning/loss of her juvenile offspring, and I hypothesised that she may 
have been in search of a mate. I rarely saw non-collared P. occidentalis during my 
nocturnal tracking  and spotlighting  at  Leschenault,  so  it  is  probable  that  no  males 
existed  within  this  animal’s  initial  range.  Her  new  range  overlapped  with  that  of 
PoM139, and she subsequently took over much of the territory previously occupied by 
PoF212 who was eaten by a python a month after PoF208 moved to the edge of her 
range. PoF208 provided sufficient fixes at each of her chosen ranges, allowing each to 
be analysed separately (Sections 6.3.2 and 6.3.3).  
A second female, PoF213, who was released by T. Moore further south at Leschenault 
Peninsula than most of the others (Moore 2007) settled for 5 months close to her 
release site before suddenly moving 3.0 km southwards to the very tip of the peninsula 
(Fig. 6.15b). This move coincided with her offspring reaching independence, and again 
may  have  been  a  mate-seeking  exercise.  After  spending  1.7  months  at  this  new 
location she suddenly moved back to her initial location where she remained until her 
collar went off the air 2 months later. Data from this animal were not included in the 
home range analyses in Section 6.3.2 because she lived out of the main study site, and 
neither component of her range included sufficient points for kernel analysis.  
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Figure  6.15  Movements  of  two  female 
possums  from  one  established  home 
range  to  another.  Both  possums  spent 
>1.5 months in each of their ranges. 
 
One of the widely dispersing males from Martin’s Tank mentioned in Section 6.3.1, 
PoM157,  also  settled  in  two  separate  locations  for  periods  of  3  and  1.5  months 
(illustrated  earlier  in  Fig.  6.6).  He  spent  his  first  period  in  a  stand  of  mixed 
peppermint/tuart near a farm dam 1.3 km from where he was initially released, and 
then moved 3.6 km further to Preston Beach where he settled in a backyard vine-Chapter 6 – Home range   
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covered peppermint tree until recaptured. The set of location fixes provided by this 
possum were not suitable for kernel analysis.  
The fourth possum to move from one location to another was PoM129, a sub-adult 
male  released  at  Martin’s  Tank,  who  initially  established  in  an  area  dominated  by 
parrot bush, mallee and grass trees where he lived for 3 months before moving 1.2 km 
to a peppermint-dominated site nearer Lake Pollard (the bimodal range shown earlier 
in Fig. 6.12). The following week he was back at the parrot-bush site, and by the next 
week had returned to the peppermint-dominated site where he remained until his 
collar went off the air. Fixes from both sites combined were included in the kernel 
analyses in Sections 6.3.2 and 6.3.3.  
6.3.6 Rest site use and foraging behaviour 
Rest/den sites used by P. occidentalis and T. vulpecula were categorised into seven 
main types: drey, hollow, grass tree, fork, witches broom, burrow and other. The term 
“witches broom” was used to refer to clumps of densely-growing foliage within the 
normal foliage of a tree or shrub. Spyridium globulosum plants commonly contained 
such growths; the other common formations in this category were clumps of the vine 
Hardenbergia comptoniana which often grew into the upper canopy of peppermint 
trees. The category “other” included the least commonly-used rest/den sites, namely 
dead wood, fallen log, ground, nest boxes and other artificial structures, and a small 
proportion of observations for which the actual rest site was uncertain.  
Totals  of  536  and  403  rest  site  observations  were  made  for  P. occidentalis  and 
T. vulpecula respectively. These included multiple uses of the same rest site during the 
period that an animal was alive and on the air. The proportions of rest site types used 
by each species varied among field sites, and between the northern and southern 
areas at Leschenault Peninsula (Fig. 6.16).  
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Figure  6.16  Proportions  of  rest  site  types  used  by  P. occidentalis  and 
T. vulpecula at each of the field sites. 
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For P. occidentalis, drey use ranged from 14-36% of observations at the different sites, 
with the highest frequency of use at Leschenault North, and the lowest at Martin’s 
Tank (Fig. 6.16). Pseudocheirus occidentalis denned in tree hollows most commonly at 
Preston Beach Rd (36%), and least often at Leschenault North (11%). They used grass 
trees as refuges most often at Martin’s Tank (35%), and never at Leschenault Peninsula 
where this plant species is very rare. Forks were used most often at Leschenault North 
(30%), and witches brooms at Leschenault South (20%). Overall, proportional use of 
the  different  rest  site  types  by  radio-collared  P. occidentalis  (weighted  by  N 
observations  at  each  site)  was  greatest  for  dreys  and  hollows  (25%  and  24% 
respectively), followed by forks (21%), witches brooms (13%) and grass trees (12%).  
Trichosurus vulpecula were more limited in the rest site types used (Fig. 6.16). At all 
sites except Leschenault North they denned almost exclusively in tree hollows (91-98% 
of observations at each site). At Leschenault North, however, burrows were by far the 
most common den sites (96%) of observations, and hollows hardly used at all (4%). At 
this  site,  which  was  dominated  by  peppermint  and  contained  no  tuart  trees, 
T. vulpecula appeared to live semi-communally in disused rabbit warrens. At Martin’s 
Tank T. vulpecula occasionally rested in grass trees (9% of observations). Hollows used 
by  T. vulpecula  at  Leschenault  South,  Martin’s  Tank  and  Preston  Beach  Road  were 
almost exclusively in tuart trees.  
The species of trees utilised by P. occidentalis for diurnal refuges varied among sites. 
Use of peppermint was most common at both Leschenault sites, while at Martin’s Tank 
and  Preston  Beach  Rd  a  range  of  vegetation  species  were  utilised  (Fig.  6.17). 
Pseudocheirus  occidentalis  utilised  dreys  and  forks  and  occasionally  hollows  in 
peppermint,  hollows  in  tuart,  forks  in  M.  rhaphiophylla,  witches  brooms  in  
S. globulosum, and forks in Banksia spp and at the top of the dense dry thatch in grass 
trees. Although no quantitative study was carried out to investigate rest site use in 
relation to tree species availability within an animal’s home range, my observations 
suggested that these variables were likely to be correlated.  
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Figure 6.17 Percentages of rest/den sites occurring in the different vegetation species 
or substrate at each field site for each possum species 
 
The maps shown in Fig. 6.18 show the distributions of P. occidentalis rest site types in 
the four main field locations. One interesting finding was that, despite the abundance 
of  peppermint  at  Martin’s  Tank,  use  of  hollows  and  grass  trees  was  common. 
Individual  large  tuart  trees  were  scattered  throughout  the  peppermint-dominated 
forest, and grass trees were a common component of the understorey.  
Also of note was the fact that many of the peppermint were smaller in diameter at 
Martin’s Tank, compared to Leschenault Peninsula where dreys were more commonly 
built. The mean diameter at breast height (DBH) of peppermint in which possums 
rested or foraged was 1.10 m (±0.025), n=245 at Leschenault Peninsula compared to 
0.81 m (ﾱ0.041), n=71, and 0.89 m (ﾱ0.063), n=30 at Martin’s Tank and Preston Beach 
Rd.  These  differences  were  significant  (one-way  ANOVA,  df=2,  F=18.50,  P<0.001). 
Bonferroni  multiple  comparisons  showed  that  the  mean  DBH  of  peppermint  trees 
utilised at Leschenault was larger than those used at both Martin’s Tank and Preston Chapter 6 – Home range   
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Beach  Rd  (P<0.001,  P=0.012  respectively);  mean  estimated  tree  heights,  however, 
showed no significant differences between sites (F=0.42, P=0.66).  
 
  Leschenault north  Martin’s Tank 
Leschenault south  Preston Beach Rd 
 
Figure 6.18 Distributions of P. occidentalis rest site types in the four main field 
locations 
 
Rest site heights ranged from ground level to 15 m for P. occidentalis and to 30 m for 
T. vulpecula. Mean heights of the different rest site types ranged from 0 - 5.24 m for 
P. occidentalis  and  0  -  6.12  m  for  T. vulpecula  (Fig.  6.19).  Different  individual Chapter 6 – Home range   
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P. occidentalis often showed a preference for one or two particular rest site types; this 
was related to repeated use of specific locations and to the options available at the 
field site, as well as to the animal’s sex.  
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Figure  6.19  Mean  heights  of  each  rest  site  type  for 
P. occidentalis  (circles)  and  T. vulpecula  (triangles).  Standard 
error bars shown. 
 
Sex  differences  in  the  rest  site  preferences  of  P. occidentalis  were  significant  at 
Leschenault North, Martin’s Tank and Preston Beach Road (Pearson 
2
4  = 19.1047, P = 
0.001;  Pearson
2
6   =  14.9515,  P  =  0.021;  Pearson
2
5   =  13.0888,  P  =  0.023, 
respectively). This was due to the tendency of females to build dreys more commonly 
than males (data not shown). There were no significant sex differences in  T. vulpecula 
den type use at any of the sites.  
Feeding preferences of translocated P. occidentalis and resident T. vulpecula were not 
a focus of this study. However, opportunistic observations of foraging possums were 
recorded during nocturnal radio-tracking. The plant species eaten by P. occidentalis on 
74 such occasions are shown in Fig. 6.20. Peppermint leaves were the most commonly 
consumed food item at Leschenault Peninsula (29 observations), at both southern and 
northern sites. At Martin’s Tank a wide range of plant species were consumed, with 
observed  consumption  rates  of  peppermint  leaves,  young  tuart  leaves,  Melaleuca Chapter 6 – Home range   
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flowers and foliage and Acacia leaves almost equal, followed by Banksia, Casuarina 
and H. comptoniana. Few observations were recorded at Preston Beach Road. At times 
P. occidentalis were observed sniffing foliage (usually peppermint) but not eating it. 
Only nine instances of feeding/drinking by T. vulpecula were recorded; items included 
peppermint leaves (3), tuart leaves (2), Acacia leaves (1), fungus (1), olives (1) and dew 
(1).  
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Figure 6.20 Nocturnal observations of P. occidentalis foraging 
 
6.4 DISCUSSION 
6.4.1 Sampling strategy 
Due to the multi-faceted nature of this project and the high mortality rate of radio-
collared  P. occidentalis,  collection  of  data  for  home  range  analysis  was  temporally 
irregular and limited in total quantity. A dependency of home range size (estimated by 
kernel density methods) on the number of fixes obtained per animal was identified for 
both possum species; this finding is consistent with various studies and simulations in Chapter 6 – Home range   
  290 
the literature which demonstrate bias and instability in home range size estimation at 
small numbers of fixes (Horne and Garton 2006b, Seaman et al. 1999, Wauters et al. 
2007), and increases in home range area as the number of fixes goes up (Gautestad 
and Mysterud 1995, Martin 2006, Wilson et al. 2007).  
In addition to the effect of the number of fixes on estimation of home range size, the 
spatial  distribution  of  the  locations  themselves  can  also  affect  kernel  home  range 
estimates (Boulanger and White 1990, Gitzen et al. 2006, Horne and Garton 2006a, 
Horne et al. 2007, Worton 1989). Highly clumped data have a core-weighting effect, 
and thus reduce estimates of area, particularly at outer isopleths (Seaman and Powell 
1996, Wauters et al. 2007). Evenly spaced data provide the most stable estimates 
(Hemson et al. 2005) while outliers bias home range estimates upward (Kenward et al. 
2001,  Kenward  et  al. 2003).  Kernel-based  estimation  methods provide  a utilisation 
distribution (Gitzen et al. 2006, Worton 1989) in which isopleths join regions of equal 
density; these reflect the amounts of time that an animal spends in different parts of 
its range. Multiple uses of locations, such as nests or dens, weight the distribution 
accordingly. However, if one is more interested in the total area over which an animal 
roams than in the amounts of time it spends in different regions, then it could be 
better  to  only  include  the  first  observation  of  each  nest/den  in  the  analysis.  The 
dependency of P. occidentalis range size estimates on the number of different rest 
sites used reflects this core-weighting effect.  
The question of interest will ideally dictate the data collection and analysis methods 
used (Garton et al. 2001). For possums, if one is interested in the distribution of den 
sites and the amounts of time spent at each, then sampling should be carried out 
diurnally at regular time intervals with the aim of maximising data collection over the 
period of interest. If, on the other hand, the size of the nocturnal foraging range is of 
greater interest, then data should be collected only at night, again at regular intervals 
over  the  period  of  interest.  Many  studies  will  be  interested  in  both  these 
spatiotemporal  aspects  of  habitat  use,  and  data  should  ideally  be  partitioned  for 
analysis (Lindenmayer et al. 1997, Martin 2006) or corrected for observational bias 
(Horne et al. 2007). This was not the case in my study, and the results thus reflect a 
mixture of diurnal and nocturnal habitat use. The small and variable sample sizes and Chapter 6 – Home range   
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the  temporally  irregular  collection  rates  mean  that  the  home  ranges  sizes  and 
distributions reported in this chapter provide only a general indication of how these 
possums utilise the landscape.  
An example of how kernel home range shape and size depends on whether or not 
multiple  observations  at  each  den  site  are  included  is  shown  in  Fig.  6.21  for  two 
T. vulpecula that denned almost exclusively in a single burrow. If all instances of den 
site  use  are  included,  then  kernels  are  core-weighted  and  many  of  the  nocturnal 
foraging locations fall outside the 90% range estimate (Fig. 6.21a). When only the first 
occasion  that  an  animal  is  observed  at  a  den  is  included,  the  total  sample  size 
decreases and the nocturnal locations are weighted similarly to the diurnal ones (Fig. 
6.21b). In this case the 90% isopleths delineate larger areas, more representative of 
the animals’ foraging ranges. For most of my possums I had insufficient data to analyse 
diurnal and nocturnal ranges separately, and Ranges6
© does not offer the option of 
correcting for observational bias by weighting nocturnal and diurnal fixes differently as 
suggested by Horne et al. (2007).  
The temporal aspect of home range studies is often ignored, while in fact it is highly 
important for correct interpretation of spatial data (Börger et al. 2006, Spencer and 
Cameron 1990). This fact has been specifically addressed by Katajisto and Moilanen 
(2006)  who  developed  a  modification  of  the  kernel  analysis  methodology  to 
incorporate a temporal component. Software is available; however, it was not useful in 
my case, as I did not have large enough sample sizes. If Katajisto and Moilanens’ (2006) 
analytical method, or similar, is used, then the requirement for temporal regularity in 
data collection can be relaxed. However, useful comparisons between individuals or 
studies should take into account the total durations of time over which animals were 
tracked, as home ranges may shift spatially over time (Edwards et al. 2001). 
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Figure 6.21 Kernel home range isopleths (90% and 50%) and diurnal and nocturnal 
fixes  for  TvF008  (red)  and  TvM005  blue  T. vulpecula.  a)  All  diurnal  observations 
included (superimposed upon one another); b) Only the first observation at any den 
site included.  
 
The smoothing process involved in kernel analyses of home range data can also be 
problematic in terms of reliable estimation of home range and habitat use (Gitzen et 
al.  2006).  Multi-modal  data  distributions  are  most  likely  to  result  in  imprecise 
estimates  because  the  calculation  of  the  smoothing  parameter,  href,  is  based  on 
methods  appropriate  for  bivariate  normally  distributed  data  (Kenward  et  al.  2003, 
Worton 1989). Least squares cross-validation (LSCV) has been shown to be the best 
method of determining the multiplier for href, especially when distributions are multi-
modal (Seaman and Powell 1996, Seaman et al. 1999), but its usefulness is limited 
when data are highly clumped (Hemson et al. 2005, Wauters et al. 2007). I was unable 
to use LSCV due to small sample sizes and clumped data, and LCV was not an option in 
Ranges6
©. However, after completion of my analyses I became aware of the existence 
of another software program, Animal Space Use (ASU) (Horne and Garton 2007), which 
uses LCV to determine h (Horne and Garton 2006b, Horne 2009). Use of this method 
may have changed the resultant home range estimates slightly (Grimm 2009, in prep) 
but  the  results  were  unlikely  to  have  differed  greatly  except  when  ranges  were Chapter 6 – Home range   
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multimodal with wide gaps between different activity centres. I only had one home 
range of this type (PoF208) which I analysed as two separate home ranges (Section 
6.3.5 and Table 6.2) to avoid the oversmoothing problem associated with use of href in 
this situation (Horne and Garton 2006b). Re-analysis of the data using Animal Space 
Use  software  to  estimate  h  by  the  LCV  method  (Horne  and  Garton  2007),  and 
weighting of nocturnal and diurnal fixes to minimise observational bias (Horne et al. 
2007) is worth considering in the future, especially if the data are to be compared with 
other possum home range analyses that may be (or are being) carried out using these 
methods (H. Grimm
19, unpublished data; P. de Tores, unpublished data; A. Wayne, 
unpublished data; J. Cruz
20, unpublished data).  
Although kernel estimates of home range size are generally considered more reliable 
(especially if LSCV or LCV are  used) than estimates derived from MCP methods, the 
above discussion emphasises the number of variables that can influence reported 
results. I chose to use 90% and 50% kernel isopleths to estimate total and core range 
size because bias  has been shown to be unreliable outside this range  (Börger et al. 
2006) and MCP methods are considered more biased than kernel estimation (Börger et 
al.  2006,  Boulanger  and  White  1990,  Laver  and  Kelly  2008,  Nilsen et  al.  200 8). 
However, my small sample sizes probably mean that any estimation method is likely to 
be  imprecise  and/or  biased,  and  the  home  range  estimates  provided  should  be 
interpreted with caution. I have presented 90% MCP estimates, as well as kernel -
derived values, for comparison with other studies and to illustrate the variability in 
estimation depending on the choice of method. Examples of differences in home range 
size estimates for MCP vs. kernel methods are found in Harper (2005), Martin (2006) 
and Wilson et al. (2007). Future studies of this kind should endeavour to maximise 
sample sizes of observations per animal (de Solla et al. 1999, Rooney et al. 1998), as 
some of my incremental analyses of estimated home range size in relation to number 
of fixes showed that, even if area stabilised over a range of fixes, when more were 
collected the area eventually increased again (data not shown). Home ranges of many 
                                                      
19 PhD Student, Murdoch University 
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animals shift spatially over time; thus field study time frames need to be specified, and 
durations over which data are collected standardised if possible.  
Numbers of location fixes collected per unit of monitoring time depends on both inter-
individual distances and the nature of the terrain. When animals are widely spaced or 
terrain rugged or densely vegetated, then fix collection can be laboriously slow. Use of 
triangulation methods can greatly increase data collection rates and, if bearing stations 
are suitably positioned, the magnitude of error ellipses can be minimised. Thus I would 
recommend  use  of  triangulation  methods  (or  a  combination  of  triangulation  and 
regular  tracking)  if  accurate  home  range  estimates  are  required  without  detailed 
knowledge of microhabitat use. Triangulation methods are also worth incorporating 
into study designs if resources of time and labour are limited, or if the expected life 
spans of animals (or radio-collars) are short.  
6.4.2 Post-translocation dispersal 
Several individual P. occidentalis travelled long distances during the days and weeks 
following release. The majority of this behaviour occurred at the northern end of the 
Martin’s Tank site, near Lake Pollard (see Fig. 6.6), particularly in the summer of 2006-
07. This was a long dry summer, preceded by a spring of lower than average rainfall, 
and the peppermint foliage appeared to be suffering from effects of drought (personal 
observations; P. Barber and G. Hardy, personal communications). It is possible that the 
possums moved in search of more nutritious foliage, or that they found themselves in 
competition  for  food  or  refuge  sites  with  resident  P. occidentalis  or  T. vulpecula. 
Although  T. vulpecula  numbers  were  lower  at  Martin’s  Tank  than  at  Leschenault 
Peninsula  or  Preston  Beach  Rd  (Nowicki  2007),  there  were  a  number  of  resident 
P. occidentalis at the Lake Pollard end of the Martin’s Tank site (Chapter 7) that were 
derived from translocations in 2004-05 (de Tores et al. 2008a, de Tores 2005). Home 
ranges of these animals were likely to have included the locations at which I released 
P. occidentalis  in  2006-07.  Intra-specific  competition  with  these  previously 
translocated  P. occidentalis  (or  recruits  derived  from  them)  may  have  caused  the 
newly translocated animals to move in search of territories of their own.  Chapter 6 – Home range   
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Pseudocheirus occidentalis locations obtained during 2005 and 2006 from possums 
translocated in 2004-05 (P. de Tores, unpublished data) are shown in Fig. 6.22 along 
with home ranges established by P. occidentalis that I translocated in 2006-07. Home 
ranges of possums translocated in 2006-07 tended to occur in the gaps between the 
earlier data, suggesting that territories had indeed been established by the previously 
translocated animals in areas of most suitable habitat (dense peppermint-dominated 
vegetation). Observations obtained during spotlight surveys (Chapter 7) also support 
this notion.  
 
 
Figure 6.22 Home ranges of P. occidentalis at Martin’s Tank 
during  2006-08  (yellow  =  female,  orange  =  male), 
superimposed  on  location  fixes  from  P. occidentalis 
translocated by Paul de Tores (unpublished data) in 2004-05. 
Release  locations  indicated  by  pink  stars  (this  study)  and 
blue star (2004-05 releases).  Chapter 6 – Home range   
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Pseudocheirus  occidentalis  distribution  in  coastal  regions  has  been  shown  to  be 
associated with presence, nutritional quality and canopy connectivity of peppermint 
forest (Jones et al. 1994b, Jones and Hillcox 1995). There have been no studies of the 
nutrient quality of peppermint foliage at Martin’s Tank or Preston Beach Rd, and such 
investigations were unfortunately beyond the scope of this project. It is quite possible 
that the quality of peppermint-dominated habitat at the field sites is lower than that in 
the Busselton region or that there is limited good quality habitat at the sites. Jones et 
al. (1994b) found that nitrogen and potassium levels during February in 1990-92 at 
Leschenault  Peninsula  were  slightly  lower  than  at  sites  naturally  occupied  by 
P. occidentalis.  Nothing  is  known  about  levels  of  toxic  secondary  metabolites  in 
peppermint  foliage  in  south-western  WA;  such  compounds  are  known  to  inhibit 
browsing by common ringtail possums in eastern Australia (Foley et al. 2004, Hume 
1999, Lawler et al. 1998, Lawler et al. 2000, Marsh et al. 2003, Pass et al. 1998, Wiggins 
et  al.  2006).  Nutritional  factors  may  therefore  play  a  role  in  causing  translocated 
P. occidentalis to disperse from the sites at which they are released. 
Population  density  estimates  for  T. vulpecula  increased  at  Leschenault  Peninsula 
between 1996 and 2002 (de Tores et al. 2004), and were even higher at Preston Beach 
Rd in 2002 (de Tores et al. 2004). Estimated densities in 2008 were similar to the 2002 
values (Chapter 7) at both locations and slightly lower at Martin’s Tank. All three sites 
support  healthy  populations  of  T. vulpecula;  competition  with  this  species  was 
considered a possible contributing factor to the decline in P. occidentalis numbers at 
Leschenault Peninsula between 1998 and 2002 (de Tores et al. 2004, de Tores 2005). 
There are anecdotal reports of T. vulpecula evicting P. occidentalis from hollows (How 
and Hillcox 2000, Wayne 2005) and, although P. occidentalis and T. vulpecula do co-
exist at some sites (How and Hillcox 2000, Jones et al. 1994b, Jones and Hillcox 1995), 
it  is  possible  that  inter-specific  competition  could  limit  the  ability  of  translocated 
P. occidentalis to find suitable rests sites and establish home ranges, leading to higher 
levels  of  post-translocation  dispersal  and  consequent  lower  survivorship  due  to 
increased predation risk.  Chapter 6 – Home range   
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Individual “personality” or behavioural differences may contribute to the varying levels 
of  post-translocation  dispersal  observed.  Animals  are  likely  to  vary  in  their  stress 
responses to translocation which may affect their post- release behaviour and ability 
to successfully obtain and defend territories. The observed link between WBC counts 
and  survivorship  (Chapter  5)  may  reflect  such  individual  differences.  The  male 
P. occidentalis, PoM157 that dispersed furthest (Sections 6.3.1 and 6.3.5), started to 
repeat the same behaviour pattern after a second relocation to Martin’s Tank. This 
suggests that this particular animal for some reason did not wish to remain in the 
vicinity  of  its  release  site.  There  is  also  the  possibility  that  a  “homing  instinct” 
contributes to P. occidentalis movement patterns following translocation; evidence for 
or  against  this  idea  is  lacking,  although  T. vulpecula  are  known  to  return  to  their 
locations of origin after removal to sites up to 7 km away (Cowan 2001 and references 
therein).  
There  are  currently  no  other  published  data  on  post-translocation  dispersal 
movements  of  P. occidentalis,  although  P.  de  Tores  (unpublished  data)  recorded 
similar distances of travel by some P. occidentalis translocated in earlier years to the 
same field sites as used in this study. Rehabilitated and hand-reared common ringtail 
possums  introduced  into  unfamiliar  bushland  near  Sydney  where  other  ringtail 
possums were already resident showed poor survival rates (Augee et al. 1996), but 
dispersal movements were not reported. Radio-tracked resident animals at this site 
rarely moved more than 50 m between nest sites, and even juveniles did not settle far 
from  their  natal  ranges  (Smith  et  al.  2003).  The  longest  reported  move  between 
established ranges was 800 m in that study. The four largest post-establishment home 
range movements in my study (Section 6.3.5) ranged between 1.2 and 3.6 km, much 
further than the distances reported by Smith et al. (2003).  
The degree of post-translocation dispersal that I observed in my study shows that 
displaced P. occidentalis cannot be expected to remain in the vicinity of the locations 
at which they are released. Possible factors contributing to their tendency to move 
include stress, disorientation, inter- and intra-specific competition for rest sites and 
territory, poor habitat quality, breeding behaviour, and individual personality traits. Chapter 6 – Home range   
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The degree to which any of these operate is unknown, but the end result is a reduction 
in post-translocation survivorship of the population.  
Choice of suitable release sites could be improved through better understanding of 
nutrient quality of vegetation and avoidance of release areas used heavily in the recent 
past. Studies of nutrient and secondary metabolite levels of foliage combined with 
more  detailed  home  range  measurements  (based  on  more  fixes  per  animal)  and 
regular spotlight or scat surveys could provide information on the carrying capacity of 
the  sites  upon  which  to  base  future  translocation  strategies  (assuming  effective 
predator control and the need for translocation in the first place). However, possums 
may  be  an  inherently  unsuitable  group  of  marsupials  for  successful  translocation. 
Pietsch (1994), who translocated urban T. vulpecula to nearby forest found low fidelity 
to release sites associated with low survival, and concluded that translocation was not 
a viable tool for management of that species.  
6.4.3 Home range size and habitat use 
Occupation of peppermint-dominated habitat by P. occidentalis was greatest at sites 
where peppermint was most common, particularly the northern site at Leschenault 
Peninsula. At the other field sites P. occidentalis utilised mixed peppermint-other and 
other-dominated vegetation strata more often, these being predominant. Trichosurus 
vulpecula tended to occupy mixed rather than peppermint-dominated habitat when 
available; this was probably due to their preference to den in tree hollows which are 
uncommon in peppermint. The only site at which inter-specific habitat partitioning was 
obvious  was  at  Leschenault  South  where  P. occidentalis  preferred  the  peppermint-
dominated stratum and T. vulpecula the mixed tuart-peppermint habitat, as also found 
by de Tores et al. (1998). In all vegetation types P. occidentalis chose refuge trees with, 
on average, higher connectivity to other vegetation than those chosen by T. vulpecula 
(one-way ANOVA, df=1, F=6.70, P=0.0134). The results are in general agreement with 
the findings of Jones and Hillcox (1995) and de Tores et al. (1998) who found that 
P. occidentalis sightings were correlated with peppermint abundance, and T. vulpecula 
sightings with presence of eucalypts. In their natural coastal habitat, P. occidentalis in 
mixed tuart-peppermint forest prefer areas where peppermint is at least 50% of the Chapter 6 – Home range   
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canopy  (Jones  1992),  and  high  canopy  connectivity  is  considered  important  for 
maintenance of viable P. occidentalis populations (Jones et al. 1994b, Jones and Hillcox 
1995, Jones et al. 2004).  
In general, T. vulpecula are not found in peppermint forest unless eucalypts are also 
present  (Jones  et  al.  1994b),  due  to  their  need  for  tree  hollows  as  den  sites.  My 
northern site at Leschenault Peninsula, where T. vulpecula denned in disused rabbit 
warrens, is an exception and illustrates the flexibility of the species in adapting to 
environmental variability (Kerle 1984, 2001). It was interesting to note that, even in 
this  exclusively  peppermint-dominated  site  there  appeared  to  be  some  spatial 
segregation between the T. vulpecula and P. occidentalis that I studied (see Fig. 6.7), 
although  this  may  be  purely  an  artefact  of  disjunct  T. vulpecula  capture  and 
P. occidentalis release sites.  
My study did not demonstrate a significant relationship between home range size and 
habitat type for either possum species. This was most likely due to insufficient location 
fixes per animal to reach asymptotic home range size. Other studies of possum home 
ranges have found the need for 30-60 (Wilson et al. 2007) and 100 or more (Martin 
2006) fixes for stable home range estimates. In addition, my stratification of habitat 
types was fairly coarse and did not differentiate between exclusively peppermint and 
peppermint-dominated (estimated as 70% or more) forest. It is believed that greater 
predominance of peppermint over eucalypts results in higher density P. occidentalis 
populations and fewer T. vulpecula (Jones 1992, Jones et al. 1994b, Jones and Hillcox 
1995).  Whether  this  is  reflected  in  differences  in  home  range  size  is,  however, 
unknown.  The  larger  home  range  sizes  of  P. occidentalis  in  inland  jarrah  forests  is 
considered likely to be related to lower availability of food and rest sites (Jones et al. 
1994a). Vegetation density in my study was only quantified in terms of connectivity of 
trees in which possums were observed; this did not explain differences in home range 
size but, again, the numbers of fixes were small. The average distances of established 
home range locations from the original release sites of translocated P. occidentalis did, 
however, show a positive relationship with home range size. This was likely to be a 
function of habitat quality, as release sites were situated in what was believed to be 
the “best” habitat at each site, i.e. peppermint-dominated vegetation with high canopy Chapter 6 – Home range   
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connectivity  and  dense  or  moderately  dense  understorey,  and  such  regions  were 
limited in spatial extent.  
The mean home range sizes of translocated P. occidentalis tended to be larger than 
those  reported  for  the  coastal  population  at  Abba  River,  Ludlow,  by  Jones  et  al. 
(1994a),  especially  for  males  (Table  6.11).  Home  ranges  of  naturally  occurring 
P. occidentalis  at  TFNP  and  in  mixed  Banksia/marri  habitat  at  Gelorup  (H.  Grimm, 
unpublished data) were larger for females and smaller for males compared to my data, 
and larger for both sexes than those reported by Jones et al. (Jones et al. 1994a) (Table 
6.11).  Home  ranges  of  translocated  P. occidentalis  also  tended  to  be  larger  than 
reported  ranges  for  common  ringtail  possums  (Lindenmayer  et  al.  2008)  and  the 
rainforest ringtail, Hemibelideus lemuroides (Wilson et al. 2007) (Table 6.11). 
Differences  in  home  range  size  between  sites  could  relate  to  vegetation  density, 
nutrient  quality,  floristics  and/or  levels  of  inter-  and  intra-specific  competition. 
However, sample sizes varied among studies, as did analysis methods; thus it may not 
be valid to directly compare estimates in the first place. If home range sizes do reflect 
resource  quality,  then  the  carrying  capacity  of the translocation  sites may  well  be 
lower than that of some of the sites at which P. occidentalis remains extant.  
Home range sizes of resident T. vulpecula at the translocation sites averaged 3.44 ha 
(±1.44, n=10) for females and 4.73 (±1.29, n=8) for males using 90% kernel isopleths, 
and 2.09 ha (±0.50, n=10) for females and 4.21 (±1.06, n=8) for males using 90% MCP. 
These values fit within the mean home range sizes for T. vulpecula at other locations as 
summarised by Kerle (1984), who reported mean home range sizes of up to 7.4 and 
11.3 for females and males respectively. This species occupies a wide range of habitats 
within the Australian landscape (Kerle 1984, 2001), and varying resource densities are 
likely to influence home range size. The only other published report of home range 
sizes  for  south-west  coastal  T. vulpecula  is  that  of  How  and  Hillcox  (2000)  who 
reported mean home range sizes of 1.26 ha (±1.26, n=20) and 2.21 (±1.33, n=17) for 
females and  males respectively at Abba River, Ludlow. These data were derived from 
trapping studies and likely to underestimate true home range sizes. Other unpublished 
data  on  T. vulpecula  home  ranges  for  coastal  and  inland  south-west  Western Chapter 6 – Home range   
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Australian sites do exist (H. Grimm, unpublished data; P. de Tores, unpublished data; A. 
Wayne, unpublished data; J. Cruz, unpublished data), and future comparisons among 
these data sets and mine are planned.  
 
Sex Species Location
Mean home 
range size 
(ha) SE N Method Reference
0.50 0.32 14 90% kernel
1.16 0.29 14 90% MCP
P.o Abba River, Ludlow, 
coastal WA
0.44 0.40 8 100% MCP Jones et al. 1994b
0.64 0.33 9 100% MCP
0.31 0.18 9 75% MCP
5.00 1.86 10 90% kernel
5.62 1.69 10 90% MCP
P.o Abba River, Ludlow, 
coastal WA
0.28 0.10 6 100% MCP Jones et al. 1994b
1.03 1.00 7 100% MCP
0.64 0.69 7 75% MCP
1.13 0.44 8 95% kernel
0.61 0.12 8 100% MCP
2.56 0.49 5 90% kernel
This study
1.66 0.24 6 90% kernel
1.32 0.25 9 90% kernel
Table 6.11 Mean home range sizes (ha) for three species of ringtail possums, Pseudocheirus 
occidentalis (P.o), P. peregrinus (P.p) and Hemibelideus lemuroides (H.l) at various
locations, estimated by kernel and/or MCP methods
Female P.o Translocation sites, 
coastal WA
This study
both 
Lindenmayer et al. 
2008
Lindenmayer et al. 
2008
Wilson et al. 2007
P.p Booderee NP,       NSW 
south coast
Atherton Tablelands 
QLD
H.l
P.p Booderee NP,       NSW 
south coast
P.o Gelorup woodland, 
coastal WA
Male P.o Translocation sites, 
coastal WA
P.o Gelorup woodland, 
coastal WA
TFNP, coastal WA Grimm, in prep
P.o TFNP, coastal WA Grimm, in prep
Grimm, in prep
P.o
2.79 Grimm, in prep 90% kernel 2 0.08
 
 
The extent of home range overlap among ringtail possums has not been previously 
quantified, nor have levels of overlap between ringtail and brushtail possums. Jones et 
al. (1994a) demonstrated overlaps between males and females, males and males, and 
females and their female young for P. occidentalis at Abba River, but data were only 
qualitative. Temporal separation between males with overlapping ranges was noted 
(Jones  et  al.  1994a).  Male-female  overlap  was  greater  than  male-male  or  female-
female  in  my  study,  supporting  the  popular  view  that  P. occidentalis  are  relatively 
solitary, except during mating (Jones et al. 1994a, Wayne 2005). Jacob’s Indices of Chapter 6 – Home range   
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association were low except for male-female pairs, and the occasional pair of males; 
the  latter  was  likely  due  to  territorial  interactions  (fighting  was  observed  on  one 
occasion).  
Similarly to P. occidentalis, most range overlap among T. vulpecula occurred between 
males  and  females,  although  the  degree  of  same-sex  overlap  was  higher  than  for 
P. occidentalis.  Contact  telemetry  showed  a  greater  degree  of  temporal  overlap 
between males and females than between same-sex animals, except for a probable 
mother-daughter  duo  who  shared  a  burrow  before  the  juvenile  reached  maturity. 
These  findings  are  consistent  with  those  of  Ji  et  al.  (2005)  who  found  that  most 
contacts between T. vulpecula were sexual in nature. Various researchers have shown 
some level of den sharing between male and female T. vulpecula (see below); this was 
also  a  feature  of  my  study.  Such  behaviour  in  P. occidentalis  was,  however,  never 
observed.  Neither  did  I  see  T. vulpecula  evicting  P. occidentalis  from  tree  hollows, 
although this has been observed in other studies (How and Hillcox 2000, Wayne 2005). 
One tree hollow was used by a ringtail and a brushtail on separate occasions, but the 
nature of interactions between the two (if any) was unknown. There was an average 
value  of  21%  for  home  range  overlaps  between  co-occurring  P. occidentalis  and 
T. vulpecula in my study. This suggests that habitat partitioning at the translocation 
sites is incomplete, and that the potential for inter-specific competition for food and 
refuges exists. As pointed out by Wayne  (2005), the effects of  hypothesised  inter-
specific  competition  on  P. occidentalis  resource  utilisation  cannot  be  effectively 
quantified  without the use of exclusion experiments. A concurrent study examining 
home  ranges  of  naturally-occurring  P. occidentalis  found  substantial  spatial  and 
temporal overlap between P. occidentalis and T. vulpecula home ranges at TFNP and 
Ludlow State Forest (Grimm and de Tores 2009) in areas where both species co-occur 
naturally. The degree to which the two species compete for resources in this region (if 
indeed they do) is not known; however, clear habitat partitioning between the pine 
forest and the tuart woodland was demonstrated, and evidence for some degree of 
vertical habitat partitioning between the tuart over-storey and the peppermint mid-
storey was found (Grimm and de Tores 2009).  Chapter 6 – Home range   
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6.4.4 Rest site use and feeding preferences 
Pseudocheirus occidentalis showed different preferences for rest site types at the four 
field site locations (see Fig. 6.16). Although availability data for different tree species 
were not obtained, the sites differed noticeably in floristics and vegetation structure 
(Section 6.2.5), and rest site choice reflected this variation. Dreys and forks were used 
more frequently in areas dominated by peppermint, especially when tuart and grass 
trees were absent. Grass tree use was greatest at Martin’s Tank where this species was 
most common (personal observations) and hollows were used more often when tuart 
trees were present. This site-specific variation in rest site preference agrees with the 
findings of Jones et al. (1994a) who noted greater use of dreys by P. occidentalis at 
Locke  estate  where  peppermint  is  dominant,  and  more  hollow  use  at  Abba  River, 
Ludlow,  where  tuart  and  peppermint  both  occur.  A  similar  relationship  between 
availability  of  resources  and  rest  site  preference  was  demonstrated  for  common 
ringtail possums in coastal NSW  by Lindenmayer et al. (2008) who found frequency of 
hollow  use  greater  in  areas  where  hollows  were  abundant,  and  drey  use  more 
common when hollows were scarce. At a different site near Sydney, hollow use by 
common ringtail possums increased and drey use decreased after fire (Russell et al. 
2003); this was believed to be due to loss in the fire of dense shrubs suitable for drey-
building, and increased post-fire abundance of hollows.  
T. vulpecula showed a preference for hollows as den sites in all locations except where 
tuart trees were lacking. Burrows were instead used at the peppermint-dominated 
site. Burrows were perhaps less suitable for T. vulpecula than hollows, as the pelage of 
burrow-dwelling possums was found to be sandy, often mangy, and more commonly 
infested with ectoparasites (personal observations). Tree hollows are known to be the 
preferred den type for many T. vulpecula populations (How and Hillcox 2000, Isaac et 
al. 2008a, Jones and Hillcox 1995, Kerle 2001, Wayne 2005) but, as my data show, 
T. vulpecula will make use of other alternatives in the absence of hollows.  
The  different  preferences  of  P. occidentalis  and  T. vulpecula  at  sites  where  tree 
hollows  are  absent  (such  as  Leschenault  North)  probably  limits  inter-specific 
competition  for  rest  sites.  However,  competition  for  food  resources  may  still Chapter 6 – Home range   
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disadvantage the less aggressive P. occidentalis. At Leschenault South there appeared 
to  be  a  moderate  level  of  inter-specific  habitat  partitioning  as  well  as  rest  site 
partitioning,  with  T. vulpecula  preferring  tuart  hollows,  and  P. occidentalis  making 
substantial use of dreys, forks and witches brooms in areas where peppermint was 
more prevalent. The mixed peppermint-tuart habitat at this site had less dense canopy 
cover than the peppermint-dominated habitat; this probably deterred P. occidentalis 
from occupying the former, as they can avoid fox and cat predation by not coming to 
ground (Jones et al. 2004). At Martin’s Tank and Preston Beach Road P. occidentalis 
and T. vulpecula occupied the different vegetation strata equally (see Fig. 6.10), but 
differed in their rest site preferences (Fig. 6.16). Hollows were the preferred den sites 
for T. vulpecula, while P. occidentalis used a mixture of grass trees, dreys, hollows, 
forks  and  witches  brooms.  Again,  these  differences  may  alleviate  inter-specific 
competitive pressure on refuges; however, competition for food resources remains a 
possible limiting factor.  
Individual possums, both P. occidentalis and T. vulpecula, used a number of different 
rest sites over time, some more intensively than others. The number of different rest 
sites  used  per  possum  ranged  from  3  to  15  for  P. occidentalis  and  2  to  15  for 
T. vulpecula. As found in other studies (Cowan and Clout 2000, Martin 2006, Wayne 
2005), rest site usage was dynamic, with changes in preferred sites occurring over 
time, and the number of different sites a function of the number of observations. 
Burrow-dwelling T. vulpecula showed the highest rest site fidelity, presumably due to 
the lack of hollows and limited availability of vacant rabbit warrens within their ranges. 
Use  of  a  variety of  rest  sites  could  serve  as  a predation  deterrent  mechanism, by 
limiting  repetitive  movement  patterns  that  might  be  exploited  by  an  observant 
predator.  Wayne  (2005)  reported  the  use  of  up  to  16  and  23  different  dens  per 
individual  P. occidentalis  and  T. vulpecula  respectively  over  time;  in  New  Zealand 
T. vulpecula  use  11-15 different dens per  year  (Cowan  and  Clout 2000,  Green  and 
Coleman  1987).  My  rest  site  observations  were  too  infrequent  and  irregular  to 
investigate patterns of rest site use in relation to predator numbers, predator activity 
or levels of predator control.  Chapter 6 – Home range   
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Sex differences in rest site type preference have been observed for common ringtail 
possums in some studies, with females tending to utilise dreys more than hollows 
(Lindenmayer et al. 2008); however, other studies have found no differences (Augee et 
al. 1996). I found significant sex differences in rest site preference at three of four 
locations (Section 6.3.6); these were all due to females using dreys more than males. It 
is possible that drey building may be associated with the rearing of offspring, as the 
size of the nest can be adjusted to accommodate a growing young.  
Dreys  have  been  considered  to  have  both  advantages  and  disadvantages  for 
P. occidentalis over other rest site types. Advantages include: i) dreys can be built in 
habitats in which other options are unavailable; ii) drey use may allow detection of 
vibration as pythons or varanid lizards approach and better escape routes from these 
arboreal  predators  (Russell  et  al.  2003);  and  iii)  offspring  may  be  more  easily 
accommodated. Disadvantages include: i) dreys provide less thermal insulation than 
hollows (Jones et al. 1994a, Pahl 1987b, Wayne 2005); ii) possums may be visible to 
raptors if dreys are built near the tops of trees; and iii) effort is required to build dreys 
which  can  be  easily  destroyed  by  fire  and  damaged  in  storms. 
Pseudocheirus occidentalis,  like  their  eastern  counterparts,  are  known  to  have 
difficulty tolerating daytime temperatures above 35°C (Pahl 1987b, Yin 2006). Heat 
stress, sometimes fatal, is commonly observed during very hot weather in summer in 
areas where dreys are the main refuge available (Jones et al. 1994a). Translocation of 
P. occidentalis to sites north of their current range carries a risk of heat exposure, 
especially if suitable refuges are not available. Competition with T. vulpecula for the 
use of tree hollows could exacerbate this issue.  
The high availability and correspondingly high use of grass trees at Martin’s Tank may 
help alleviate the risk of heat stress, as dense grass tree thatch has been shown to 
possess good insulative qualities (Driscoll 2000, Swinburn et al. 2007). As found by de 
Tores et al. (2005a) and Wayne (2005), P. occidentalis in my study preferred grass trees 
with dense thatch, more than one head, and a degree of connecting vegetation. Grass 
trees were less commonly used by T. vulpecula; thus inter-specific competition for this 
rest site option was low. Grass trees do take a number of years to develop dense 
thatch; thus the effect of unplanned fire to the survival of P. occidentalis that depend Chapter 6 – Home range   
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on  this  refuge  type  is  likely  to  be  highly  detrimental.  Management  plans  for 
translocated  P. occidentalis  in  sites  where  grass  trees  are  common  should  include 
measures to ensure the avoidance of frequent use of fire, as sufficiently dense thatch 
takes >5 years to develop (Swinburn et al. 2007).  
Drey/refuge sharing by P. occidentalis was uncommon, and limited to females with 
dependent offspring. Pseudocheirus occidentalis is a less gregarious species than its 
eastern  congener  (Ellis  and  Jones  1992,  Smith  et  al.  2003)  and  thus  may  require 
sufficient  rest  site  availability  to  accommodate  this  preference.  Den  sharing  in 
T. vulpecula has been reported in various studies (Cowan and Clout 2000, Day et al. 
2000, Wayne 2005), and occurs mostly between mothers and offspring and between 
male-female breeding pairs. Two male-female pairs regularly shared dens in my study, 
one being a burrow and the other a tree hollow near ground level. The latter was only 
shared in winter, possibly to maximise warmth, as also observed by Wayne (2005).  
Despite a high abundance of peppermint at Martin’s Tank, dreys were less commonly 
used than hollows, grass trees and forks at this location. As noted in Section 6.3.6, 
individual  peppermint  trees  were  on  average  smaller  in  diameter  than  those  at 
Leschenault  Peninsula  where  drey  building  was  more  common.  Whether  the  low 
frequency of drey construction at Martin’s Tank was due to the large number of grass 
trees available, and possibly lower competition with T. vulpecula for hollows (due to 
the smaller T. vulpecula population at Martin’s Tank (Nowicki 2007), or to unsuitability 
in peppermint canopy structure is unknown. Many of the peppermint trees utilised by 
P. occidentalis in the Busselton region are mature (Harewood 2008); however, this is 
less the case at TFNP where peppermint exists as a mid-level understorey in the tuart 
forest (Jones 1992, Jones et al. 1994a). In this latter location P. occidentalis are more 
inclined to rest in hollows than in dreys (Grimm and de Tores 2009, Jones et al. 1994a), 
suggesting perhaps that dreys in spindly trees may not be the optimal rest site for the 
species if other options are available.  
In  addition  to  refuges,  adequate  suitable  food  resources  are  necessary  to  support 
viable populations of P. occidentalis. Peppermint foliage forms a major component of 
P. occidentalis  diet  in  coastal  regions  where  it  is  dominant  (Jones  et al.  1994a);  in Chapter 6 – Home range   
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inland locations, P. occidentalis eat mainly young jarrah leaves  (Jones et al. 1994a, 
Wayne  2005).  Other  myrtaceous  leaves,  along  with  flowers  and  shoots,  are  also 
occasionally  eaten  (Jones  and  Hillcox  1995).  In  eastern  Australia,  common  ringtail 
possums feed on eucalyptus foliage, leaves of shrubs, shoots and flowers (Pahl 1984, 
1987a,  Thomson  and  Owen  1964).  Trees  vary  in  palatability  (Lawler  et  al.  2000, 
Wiggins et al. 2006), and carrying capacity is likely to be limited by the number of 
palatable trees in an area (Pahl 1987a). Although common ringtail possums do eat 
foliage of shrubs as well as flowers of various species, these dietary components only 
supplement their main eucalyptus diet, and are usually insufficient on their own (Pahl 
1987a).  
The P. occidentalis in my study were observed eating a variety of foliage and flowers 
(Section  6.3.6).  Peppermint  foliage  was  most  commonly  consumed  at  Leschenault 
Peninsula, while at Martin’s Tank a wider range of species were eaten. On several 
occasions  I  witnessed  P. occidentalis  devouring  young  tuart  foliage;  ingestion  of 
Melaleuca leaf tips and flowers was also observed frequently during the flowering 
season. At all sites I frequently saw P. occidentalis sniffing but not eating peppermint 
foliage before moving into another tree. This suggests that leaves of individual trees of 
this species vary in palatability, as found for those of eucalypts eaten by common 
ringtail possums in eastern Australia (Lawler et al. 2000, Wiggins et al. 2006).  
Trichosurus  vulpecula  feed  on  peppermint  leaves  at  sites  where  this  species  is 
common; they also eat foliage of a range of other eucalyptus species and shrubs, as 
well as flowers and fruits, depending on availability. They are dietary generalists, and 
will eat fungi, eggs and sometimes meat in addition to their primarily vegetarian diet 
(Green 1984, Kerle 1984, and references therein). At sites where both T. vulpecula and 
P. occidentalis  coexist,  some  level  of  competition  for  food  resources  might  be 
expected, and the more specialist P. occidentalis may be at a disadvantage. There is, 
however, the possibility that differing susceptibility to plant secondary metabolites 
may alleviate such competition, as studies in eastern Australia have shown brushtail 
possums are deterred most by tannins, while ringtail possums are particularly sensitive 
to terpenes and sideroxylonal (Lawler et al. 2000, Marsh et al. 2003, Wiggins et al. 
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Quality and quantity of food resources is likely to limit the carrying capacity of the 
translocation sites for P. occidentalis, and further research is required to determine the 
nutritional status of the vegetation at these sites, as well as the levels and variability of 
toxic secondary metabolites in foliage. Levels of soil nutrients, along with water quality 
and quantity, are likely to dictate the overall primary productivity of a region and its 
suitability as habitat for arboreal folivores (Kanowski 2004). In addition, elevated levels 
of atmospheric CO2 may cause nitrogen levels in foliage to decline over time (Curtis 
and Wang (1998) in Kanowski (2004), thus reducing the carrying capacity of remnant 
areas  of  native  vegetation  to  levels  too  low  for  persistence  of  already  vulnerable 
folivores such as P. occidentalis.  Chapter 7 – Population density   
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Chapter 7:  
Population density estimation 
7.1 INTRODUCTION 
The  success  or  otherwise  of  reintroduction  programs  of  cryptic  species  such  as 
possums can only be gauged over the long term through implementation of survey 
techniques that produce data of sufficient quality to allow regular precise estimation 
of population density over ecologically relevant time periods. Survival of individual 
founder animals and their offspring can be measured by labour-intensive methods 
such as radio-telemetry, but longer term persistence of reintroduced species is more 
economically monitored using effective survey techniques at intervals dictated by the 
life history characteristics of the animal in question.  
Pseudocheirus  occidentalis  are  relatively  short-lived  in  the  wild  (estimated  life:  3-6 
years (Wayne et al. 2005c), and reproduce at approximately 1 year of age (Ellis and 
Jones 1992, Jones et al. 1994a). Rapid population fluctuations are thus possible and, 
ideally, monitoring should be carried out every 1-2 years to ensure that declines, such 
as occurred at Leschenault Peninsula between 1998 and 2002, are detected early. This 
is important to i) maximise chances of elucidating causal factors and ii) enable rapid 
implementation of alterations in relevant management practices.  
Trends (particularly declines) in population numbers of endangered species are often 
difficult to identify, especially if variability within the data is high. The power of a 
population  monitoring  program  to  detect  trends  depends  on  a  number  of  factors 
including:  i)  sample  size  (the  number  of  independent  monitoring  occasions),  ii) 
variance (including both measurement error and process error), iii) effect size (rate of 
change deemed biologically significant), iv) choice of significance level for rejection of 
the null hypothesis of no change (Type 1 error rate), v) the model of population change 
(e.g.  linear  versus  exponential),  and  vi)  the  relationship  between  variance  and 
abundance (Barlow et al. 2008, Gerrodette 1987, Hatch 2003, Seavy and Reynolds 
2007,  Thompson  et  al.  1998).  If  natural  interannual  variation  in  population  size Chapter 7 – Population density   
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(process error) is high, then trends will be difficult to detect with confidence, especially 
over short time frames (Gerrodette 1987).  
Choices of relevant effect sizes and Type 1 and 2 error rates are management decisions 
and need to be based on assessment of the costs of not detecting important changes 
(Type 2 error) or of reacting to perceived changes when in fact there are none (Type 1 
error) (Barlow et al. 2008, Southwell et al. 2006). In the case of small populations of 
endangered species, especially those with short life-spans such as P. occidentalis, the 
effects of large annual fluctuations may actually be more important than longer-term 
trends (Seavy and Reynolds 2007), as sudden catastrophic changes can impact severely 
upon population viability and result in the need for immediate management actions to 
save the species or population from extinction.  
The spotlight surveys carried out in the final month of this 2-year field study were 
designed with two aims in mind: 
i)  to determine the degree to which the translocated P. occidentalis population at 
each field site had changed in density since initial establishment. In the case of 
Leschenault  Peninsula  and  Preston  Beach  Road,  P. occidentalis  density 
estimates could be compared with those carried out in the past (de Tores et al. 
2004).  Possums  were  first  translocated  into  these  sites  in  1991  and  1995 
respectively. At Martin’s Tank P. occidentalis were first reintroduced in 2004 
(de  Tores  2005)  and  my  survey  was  the  first  to  investigate  the  size  of  the 
population that had since become established there; 
ii)  to determine the amount of survey effort required to provide density estimates 
of  sufficient  precision  to  reliably  detect  biologically  significant  changes  in 
population size over time. In this context the survey could be viewed as a pilot 
study. It is likely that a high level of effort will be required to precisely estimate 
P. occidentalis density over each entire site, as low population densities are 
expected over much of each study region. Such survey effort was beyond the 
scope of the current project which had multiple other resource-hungry aims. 
However, results from a limited survey such as this can  enable calculation of 
necessary transect lengths required to obtain quality estimates and provide 
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surveys  to  maximise  the  efficiency  of  data  collection  over  regions  in  which 
animal distribution is not homogenous (Buckland et al. 2001).  
7.2 METHODS 
7.2.1 Field methods 
A single transect line was established at each field site (Section 2.2.8 in Chapter 2). 
Each transect was designed to pass through the main release locations at each site. 
The transect line at Leschenault Peninsula was in two sections because the two release 
sites were 3 km apart, separated by sand dunes and scrubby ground. Transect lengths 
were 971, 665, 1374 and 1105 m in length for the northern section at Leschenault 
Peninsula  (Leschenault  North),  the  southern  section  at  Leschenault  Peninsula 
(Leschenault South), Martin’s Tank and Preston Beach Rd respectively. Each line was 
surveyed for 10 successive nights. Locations of transect lines and possum observations 
were determined using a hand-held GPS unit to a resolution of approximately ±3 m 
(post-processed data, see Chapters 2 and 6), and mapped using ArcGIS
© software. The 
locations of the observations in relation to each transect are shown in Fig. 7.1. 
Perpendicular distances of sightings from the transect line of both P. occidentalis and 
T. vulpecula  were  determined  using  the  ET  Geowizards  application  in ArcGIS
©,  and 
tabulated in MS Excel
© 2003 along with other ancillary information (Section 2.2.8 in 
Chapter 2 and Fig. 7.2). Since only one transect was used at each field site, variance 
estimation  was  based  on  differences  between  nights  rather  than  between  spatial 
replicates and, as such, was probably an underestimate of the true variation in the site. 
Thus, reliable inference could only be made to the areas covered by the transects 
themselves.  This  has  ramifications  in  regard  to  use  of  the  survey  as  a  pilot  study 
(Section 7.4.3).  
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Figure 7.1 Maps showing spotlight transect lines at each field site. Also shown are the 
release areas for translocated P. occidentalis (yellow ellipses), observations of possums 
(green:  P. occidentalis;  blue:  T. vulpecula;  white:  unidentified)  and  trapping  web 
locations (black). The relative positions of the two sites at Leschenault Peninsula are 
indicated in the inset. 
 
7.2.2 Analytical methods 
The  survey  data  were  processed  in  ArcGIS
©  and  MS  Excel
©  2003  (Section  2.3.5  in 
Chapter 2) and analysed using Distance software (Thomas et al. 2010). Line transect 
sampling (Buckland et al. 2001), as implemented in Distance, involves modelling of the 
distribution  of  perpendicular  distances  between  objects  and  the  transect  line  to 
determine a probability density function which is then used to estimate object density 
over  the  region  covered  by  the  survey  (Section  2.3.5  in  Chapter  2).  Akaike’s 
Information Criterion (AIC) was used to choose between competing detection function 
models  and  covariates  associated  with  each  observation  or  each  transect  were 
incorporated into the model selection process  (Buckland et al. 2004, Marques and 
Buckland 2003, Marques et al. 2007), as described below.  Chapter 7 – Population density   
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a) Data structure 
Data were imported into Distance in a layered structure with four main levels: i) global 
layer (entire study), ii) stratum layer (region or time; in this case field sites), iii) transect 
layer (ideally 15-20 different transects per stratum, but in this case repeat nights on a 
single  transect  per  stratum),  and  iv)  observation  layer  (perpendicular  distances  of 
individual sightings from the transect). An example of the data structure for parts of 
the Martin’s Tank and Preston Beach Road field sites is shown in Fig. 7.2.  
 
 
Figure  7.2  Data  structure  within  Distance,  showing  the  four  levels  of  stratification 
(study area, region, line transect, observation), and ancillary data (covariates) at the 
transect and observation levels.  
 
b) Data exploration 
Preliminary data exploration was carried out in Distance to investigate characteristics 
of the data structure, particularly the distribution of perpendicular distances from the 
transect line. Data were pooled for all field sites due to small sample sizes (Table 7.1). 
Structural  aspects  of  the  data  for the  two  possum  species  were  investigated  both 
pooled and separately. Goodness of fit tests were used in Distance to assess model fit 
and to investigate the value of truncating the right-hand tail of the data (see below). 
Representative  histograms  of  distances  from  the  line  are  shown  in  Fig.  7.3  for 
P. occidentalis and T. vulpecula separately and pooled.  Chapter 7 – Population density   
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Possum species Total
Leschenault Peninsula Martin's Tank Preston Beach Rd
P. occidentalis 4 21 21 46
T. vulpecula 30 11 15 56
Total 34 32 36 102
Table 7.1 Numbers of P. occidentalis and T. vulpecula sighted at each field site
Field site
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Figure 7.3 Frequency distributions of perpendicular distances of observations from the 
transect line for all field sites combined; a) both possum species, b) T. vulpecula, c) 
P. occidentalis 
 
As the fit of the model to the distance data near the line is most important for density 
estimation (Buckland et al. 2001), right-truncation of the data set is often valuable to 
improve model fit in the most critical region of the distribution. Buckland et al. (2001) 
recommend  truncation of  the  most  distant  5%  of  observations,  unless  there  is  no 
evidence of heaping at the tail of the distribution. Truncation will often reduce bias Chapter 7 – Population density   
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and/or  improve  precision  of  density  estimates  by  making  data  easier  to  model 
(Buckland et al. 2001).  
The data exploration phase of this analysis involved investigating model fit for both 
truncated and non-truncated data. Data were truncated at 30 m for the pooled data, 
35 m for T. vulpecula alone and 26 m for P. occidentalis alone (removal of the most 
distant 5% of observations in each case). Models were fit to data from both species 
pooled as well as to each species separately to assess whether pooling of the species 
for detection function estimation was a viable option for future analyses. However, the 
final analyses were based on data for each possum species separately in order that 
densities  could  be  estimated  by  field  site.  (Distance  only  allows  a  single  level  of 
stratification for estimating density; sample sizes in this study were too small for field 
sites to be analysed separately, even if species were pooled for detection function 
estimation.)  
c) Model selection 
Distance  offers  a  choice  of  model  types,  consisting  of  key  functions  and  series 
expansion terms. The three recommended key functions are the uniform, half-normal 
and hazard rate functions (Buckland et al. 2001). These are all “pooling robust” to 
variation  in  most  factors  likely  to  affect  detection  (e.g.  weather,  observer,  animal 
behaviour), and have a wide shoulder at distances closest to zero. Available series 
expansion  terms  include  cosine,  hermite  polynomial  and  simple  polynomial 
adjustments.  Particular  combinations  of  key  functions  and  adjustment  terms  are 
recommended (Buckland et al. 2001). The half-normal and hazard rate functions can 
be used without expansion terms, but the uniform obviously cannot, as detectability 
must change with distance from the observer.  
Several  models  were  fitted  to  different  subsets  of  the  data  set  (truncated,  non-
truncated,  separate  species,  pooled  by  species).  Within  subsets,  AIC  values  were 
compared to select among models. Model fit was assessed both among and within 
subsets of the data by examining Q-Q plots of the empirical distribution function (EDF) 
of  the  data  vs.  the  cumulative  distribution  function  (CDF)  from  the  fitted  model. 
Results of 
2goodness-of-fit, Kolmogorov-Smirnov and Cramér-von Mises tests were Chapter 7 – Population density   
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also considered. The cosine-weighted Cramér-von Mises test, in particular, is useful for 
assessing how well the EDF matches the CDF in the region closest to the line (Buckland 
et al. 2001).  
Models  including  covariates  were  also  incorporated  into  the  selection  process. 
Although the standard models used in Distance are pooling robust to most factors 
likely to affect detectability, the inclusion of such factors as covariates in models may 
sometimes reduce bias or improve precision (Marques et al. 2007). Covariates included 
in  the  modelling  process  were:  date  (continuous  variable),  amount  of  wind  (still, 
breezy or windy), height of possum (continuous variable), observer (Judy or Sophie), 
method of detection (eye shine, movement or sound), vegetation density (light, light-
medium,  medium-dense  or  dense),  and  upper-storey  species  composition 
(peppermint-dominant,  mixed  peppermint/other,  other-dominant).  Evaluation  of 
models including the last two of these covariates ensured that effects of differences in 
habitat structure among field sites were taken into consideration. This was important 
because, due to small sample sizes, data from all three field sites had to be pooled for 
estimation of detection functions.  
7.3 RESULTS 
7.3.1 Both possum species pooled 
A range of key functions, with and without adjustment terms, were fitted to the non-
truncated and truncated (at 30 m) data sets. Detection functions were estimated both 
from the entire set and by individual possum species. In the case of the non-truncated 
data: for each key function/adjustment term combination, the AIC values of the model 
in which the detection function was estimated from the pooled data was larger than 
the sum of AIC values for models in which the detection function was modelled by 
species  (Table  7.2).  After  truncation  this  relationship  was  reversed  (Table  7.3), 
suggesting  that  pooling  of  species  for  detection  function  estimation  was  a  valid 
approach once outliers at the tail of the distribution were removed.  Chapter 7 – Population density   
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Model N adjustment terms
Detection 
function 
estimation
N 
params
Delta 
AIC AIC
Pooled density 
estimate 
(possums/Ha)
lower 95% 
confidence 
limit
upper 95% 
confidence 
limit
CV of 
density 
estimate
N 
obs
Chi-square p-
value (P.o, 
T.v)
cos-weighted 
Cramér-von 
Mises p-value 
(P.o, T.v)
Hazard rate 0 by species 4 0.00 686.27 0.73 0.50 1.06 0.19 102 0.37, 0.94 0.80, 1.00
Uniform cosine 1 for P.o; 2 for T.v by species 3 0.42 686.69 0.68 0.51 0.90 0.14 102 0.25, 0.75 0.80, 0.60
Half normal cosine 0 for P.o; 1 for T.v by species 3 0.67 686.94 0.78 0.59 1.05 0.15 102 0.25, 0.92 0.80, 1.00
Uniform cosine 2 pooled 2 2.49 688.77 0.73 0.55 0.96 0.14 102 0.99 1.00
Half normal 0 pooled 1 3.30 689.57 0.67 0.52 0.88 0.13 102 0.98 0.60
Hazard rate 0 pooled 2 3.81 690.08 0.72 0.52 1.01 0.17 102 0.97 1.00
Table 7.2 Models fitted to non-truncated data for both possum species, ranked by AIC 
 
 
Model N adjustment terms
Detection 
function 
estimation
N 
params
Delta 
AIC AIC
Pooled density 
estimate 
(possums/Ha)
lower 95% 
confidence 
limit
upper 95% 
confidence 
limit
CV of 
density 
estimate
N 
obs
Chi-square p-
value (P.o, 
T.v)
cos-weighted 
Cramér-von 
Mises p-value 
(P.o, T.v)
Half normal 0 pooled 1 0.00 636.31 0.71 0.54 0.94 0.14 98 0.79 0.80
Uniform cosine 1 pooled 1 0.36 636.68 0.70 0.54 0.90 0.13 98 0.79 0.80
Half normal cosine 0 for P.o; 1 for T.v by species 3 1.34 637.65 0.82 0.60 1.12 0.16 98 0.37, 0.91 0.90, 0.90
Uniform cosine 1 for P.o; 1 for T.v by species 2 2.25 638.56 0.70 0.54 0.90 0.13 98 0.39, 0.69 0.90, 0.40
Hazard rate 0 pooled 2 2.39 638.70 0.74 0.52 1.06 0.18 98 0.65 1.00
Hazard rate 0 by species 4 3.13 639.45 0.72 0.50 1.05 0.19 98 0.50, 0.83 0.80, 1.00
Table 7.3 Models fitted to data truncated at 30m for both possum species, ranked by AIC 
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The half-normal key function with no adjustment terms was ranked by AIC as the best 
model  for the  truncated  data  set  (Table  7.3);  model  fit  was  good  according  to  all 
assessment methods. The uniform key function with one cosine adjustment had equal 
support (ΔAIC = 0.36), and also fitted well. The hazard rate model with no adjustment 
terms  showed  good  fit  close  to  the  line,  but  gave  less  precise  estimates  and  was 
ranked lowest by AIC.  
Since there was no reason to expect possum densities to be constant among field sites 
it was necessary to estimate detection functions for each possum species separately so 
that  the  data  could  then  be  stratified  by  site  for  density  estimation  (see  below). 
However, if survey effort is increased in future surveys to increase sample size, then 
the results above suggest that pooling of species within sites for detection function 
estimation could be a useful approach.  
7.3.2 Pseudocheirus occidentalis  
A  range  of  recommended  key  functions  (Buckland  et  al.  2001),  with  and  without 
adjustment  terms,  was  fitted  to  the  non-truncated  and  truncated  (at  26  m) 
P. occidentalis  data  sets.  Models  incorporating  covariates  were  also  fitted.  Due  to 
sample size limitations, only one covariate was modelled at a time, associated with 
each of the various key function / expansion term combinations. The models were 
ranked by AIC within each set, and goodness of fit statistics were calculated. The top-
ranking models for each data set are presented in Table 7.4. The pooled (by site) 
density estimates are shown; these did not vary greatly among models, given the wide 
confidence intervals.  
The model ranked highest by AIC for the entire data set was the uniform key function 
with  one  cosine  adjustment  (Table  7.4a).  The  half-normal  model  incorporating 
“observer” as a covariate had equal support (ΔAIC = 0.30), as did the half normal 
model on its own (ΔAIC = 0.56). Three other covariate models were also within 2 AIC of 
the top model. All models gave similar pooled density estimates. Model fit, according 
to all three goodness of fit statistics, was best for the two models without covariates. 
Of  these,  the  top  model  (uniform  cosine)  provided  the  most  precise  estimates. Chapter 7 – Population density   
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a) Non-truncated
Model
N adjust-
ment 
terms Co-variates
total N 
para-
meters
Delta 
AIC AIC
Pooled 
density 
estimate 
(P.o/Ha)
lower 
95% 
conf. 
limit
upper 
95% 
conf. 
limit
CV of 
density 
estimate
N 
obs
Chi-
square p-
value
Kolmogorov-
Smirnov                 
p-value
cos-weighted 
Cramér-von 
Mises              
p-value
Probablity 
of 
detection CV
Uniform cosine 1 0 1 0.00 297.25 0.34 0.24 0.48 0.18 46 0.43 0.89 0.90 0.59 0.10
Half normal 0 observer 2 0.30 297.56 0.33 0.23 0.48 0.18 46 0.33 0.66 0.80 0.60 0.10
Half normal 0 0 1 0.56 297.81 0.33 0.22 0.48 0.19 46 0.49 0.89 1.00 0.62 0.13
Half normal cosine 0 weather 3 0.86 298.11 0.34 0.23 0.51 0.20 46 0.21 0.81 0.70 0.58 0.14
Hazard rate 0 observer 3 0.89 298.15 0.31 0.22 0.44 0.17 46 0.23 0.35 0.70 0.65 0.09
Half normal cosine 0 how detected 3 1.78 299.04 0.34 0.24 0.49 0.18 46 0.23 0.63 0.90 0.59 0.10
Hazard rate 0 0 2 2.07 299.33 0.29 0.20 0.42 0.19 46 0.42 0.92 0.90 0.70 0.12
b) Truncated at 26m
Model
N adjust-
ment 
terms Co-variates
total N 
para-
meters
Delta 
AIC AIC
Pooled 
density 
estimate 
(P.o/Ha)
lower 
95% 
conf. 
limit
upper 
95% 
conf. 
limit
CV of 
density 
estimate
N 
obs
Chi-
square p-
value
Kolmogorov-
Smirnov                 
p-value
cos-weighted 
Cramér-von 
Mises              
p-value
Probablity 
of 
detection CV
Hazard rate 0 observer 3 0.00 271.52 0.30 0.21 0.42 0.18 44 0.43 0.71 0.80 0.70 0.09
Half normal 0 observer 2 4.19 275.71 0.36 0.25 0.53 0.19 44 0.48 0.34 0.60 0.57 0.11
Hazard rate 0 0 2 5.27 276.79 0.28 0.20 0.40 0.17 44 0.79 0.87 0.80 0.74 0.08
Half normal 0 0 1 5.71 277.23 0.35 0.23 0.53 0.21 44 0.71 0.80 0.90 0.59 0.14
Uniform cosine 1 0 1 5.86 277.39 0.36 0.25 0.53 0.19 44 0.64 0.53 0.60 0.57 0.10
Table 7.4 Models fitted to P. occidentalis data: a) non-truncated, b) truncated at 26m. Density estimates are for all field sites pooled; variance is calculated
analytically. Models ranked by AIC.
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For the data truncated at 26 m, the best model according to AIC was the hazard rate 
model  incorporating  “observer”  as  a  covariate  (Table  7.4b).  This  model  ranked 
substantially higher than the next model which was the half-normal model with the 
“observer”  covariate  (ΔAIC  =  4.19).  Model  fit  of  the  hazard  rate  model,  although 
adequate, was not as good as that of two non-covariate models fitted to the entire 
data set, according to both the Kolmogorov-Smirnov and cosine-weighted Cramér-von 
Mises tests. This was also apparent on examination of the Q-Q plots from the best 
models from each set (Fig. 7.4).  
 
Hazard rate + observer model Uniform cosine model
a)                Non-truncated data  b)              Data truncated at 26m
Hazard rate + observer model Uniform cosine model
a)                Non-truncated data  b)              Data truncated at 26m
 
 
Figure 7.4 Q-Q Plots of the EDF vs. CDF for the best models fitted to P. occidentalis 
spotlighting data. a) Non-truncated and b) truncated at 26 m 
 
Since the overall sample size was small and there was no evidence of heaping at the 
tail of the distribution (Fig. 7.3), it made sense to use the entire data set for inference 
unless model fit was substantially improved by truncation (which was not the case). On 
the  basis  of  AIC,  goodness  of  fit  statistics  and  precision  of  density  estimates,  the 
uniform cosine model from the entire data set was chosen as the most appropriate 
model from which to estimate P. occidentalis population densities in this survey.  Chapter 7 – Population density   
  321 
Pseudocheirus occidentalis density estimates for each field site were calculated from 
the uniform cosine model, which took the form: 
  
where g(y) is the probability of detecting an object, given that it is at distance y from 
the transect line, ω is the distance of the furthest observation from the line, in this 
case 27.87, and a is the parameter estimate of the cosine adjustment term, in this case 
0.6813 (SE=0.1656) (Buckland et al. 2001). For illustration, the detection function fitted 
to  a  10-bin  histogram of  distance  measurements  is  shown  in  Fig.  7.5.  The  density 
estimates for each site are provided in Table 7.5.  
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Figure  7.5  Uniform  key  function  with  one  cosine 
adjustment  fitted  to  a  10-bin  histogram  of  the  non-
truncated P. occidentalis distance data  
 
The P. occidentalis density estimate for Preston Beach Road (0.57 P. occidentalis/Ha) 
was slightly higher than that for Martin’s Tank (0.46 P. occidentalis/Ha) but, because 
the associated coefficients of variation were large (27% and 21-22% respectively), the 
two values are not substantially different (Table 7.5). The estimate for the northern 
transect at Leschenault was much lower (0.12 P. occidentalis/Ha) and no P. occidentalis 
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were seen in the southern transect at this site. Female P. occidentalis with almost fully-
grown juvenile offspring were observed at both Martin’s Tank and Preston Beach Rd, 
but not at Leschenault Peninsula. Only three individual P. occidentalis were observed 
during the surveys at Leschenault Peninsula; two of these were radio-collared animals 
from my recently-translocated study group. In contrast, none of the P. occidentalis 
observed at Martin’s Tank and Preston Beach Road were part of the radio-collared 
study set, so all must have been previously translocated animals (two individuals with 
older-style  collars  were  seen),  descendents  thereof,  or  P. occidentalis  unofficially 
translocated to the site by wildlife rehabilitators.  
 
Field Site
Density 
estimate 
(P.o/Ha)
%CV 
(analytical)
%CV 
(bootstrap)
%CV 
(3xPoisson) df
Encounter 
rate 
(P.o/m) %CV
Martin's Tank 0.46 0.30 - 0.71 21 22 39 14.9 0.0015 18
Preston Beach Rd 0.57 0.32 - 1.02 27 27 39 11.9 0.0019 25
Leschenault north 0.12 0.05 - 0.30 42 42 87 10.1 0.0004 41
Leschenault south 0.00 0.0000
Upper and 
lower 95% 
confidence 
intervals 
(analytical)
Table 7.5 Estimates of P. occidentalis density from the uniform cosine model at the four transect
locations using the non-truncated data set. Variance calculated by three different methods (see text).
 
 
Since only a single transect was run at each site, density estimates and associated 
coefficients  of  variation  pertain  only  to  the  strip  surveyed  at  each  location.  The 
analytical and bootstrap variances reported in Table 7.5 are based on the variability 
among survey nights, and do not represent variation over the field site beyond the 
surveyed  strip.  Inspection  of  the  spatial  distribution  of  P. occidentalis  sightings  at 
Martin’s Tank and Preston Beach Road (Fig. 7.1) shows that P. occidentalis were found 
mainly  on  the  northern  sections  of  each  respective  transect.  Without  surveying 
multiple transect lines at each site it is not possible to know how many P. occidentalis 
are likely to be present overall at each location, nor to determine the true densities of 
these populations.  
However, the results from these surveys can be used as a pilot study to determine the 
total line lengths required to estimate density within specified levels of precision. Such 
calculations require an estimate of variability in animal distribution. Three measures of Chapter 7 – Population density   
  323 
variance are reported in Table 7.5. In Distance the analytical variance is calculated 
using  the  delta  method  (Buckland  et  al.  2001,  Seber  1982),  which  relies  on 
independence between the components of variance (encounter rate component and 
detection component). Log-normal 95% confidence intervals are reported by Distance, 
using  an  adaptation  of  the  approach  of  Satterthwaite  (1946).  The  fact  that  the 
bootstrap  and  analytical  variances  are  similar  in  magnitude  indicates  that  the 
assumption of independence between the components of variance holds true for this 
survey  (Buckland  et  al.  2001).  The  component  percentages  of  the  variance  of  the 
density  estimates  at  the  three  field  sites  ranged  from  5-23%  and  77-95%  for  the 
detection probability and encounter rate components respectively.  
Estimation of variance using a 3xPoisson distribution of encounter rate, instead of the 
analytical estimate derived from repeated visits to the same transect line, provides a 
more conservative representation of the likely distribution of an animal population in 
space  for use in designing surveys (Buckland et al. 2001, Burnham et al. 1980). Use of 
this  method  of  variance  estimation  results  in  an  approximate  doubling  of  the 
empirically-calculated coefficient of variation of the density estimates (Table 7.5).  
7.3.3 Trichosurus vulpecula  
A range of key functions, with and without adjustment terms, was fitted to the non-
truncated and truncated (at 35 m) T. vulpecula data sets. Models incorporating single 
covariates  were  also  fitted.  Models  were  ranked  by  AIC  within  each  set.  The  top-
ranked  models  are  shown  in  Table  7.6  for  each  set,  along  with  density  estimates 
(pooled  over  field  sites),  goodness  of  fit  statistics  and  95%  log-normal  confidence 
intervals; the latter were estimated analytically using the delta method (Buckland et al. 
2001, Seber 1982).  
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a) Non-truncated
Model
N 
adjust-
ment 
terms Covariates
total N 
para-
meters
Delta 
AIC AIC
Pooled 
density 
estimate 
(T.v/Ha)
lower 
95% 
conf. 
limit
upper 
95% 
conf. 
limit
CV of 
density 
estimate
N 
obs
Chi-square 
p-value
Kolmogorov-
Smirnov                 
p-value
cos-weighted 
Cramér-von 
Mises              
p-value
Probablity 
of 
detection CV
Hazard rate 0 0 2 0.00 384.82 0.45 0.26 0.77 0.28 56 0.35 0.95 1.00 0.40 0.24
Half normal cosine 1 vegetation density 5 0.61 385.43 0.44 0.31 0.65 0.19 56 0.08 0.83 0.90 0.41 0.13
Hazard rate 0 vegetation species 4 0.66 385.47 0.44 0.31 0.64 0.18 56 0.14 0.99 1.00 0.41 0.12
Half normal 0 vegetation density 4 0.80 385.61 0.37 0.25 0.54 0.19 56 0.09 0.22 0.30 0.49 0.14
Hazard rate 0 vegetation density 5 0.83 385.64 0.48 0.32 0.72 0.21 56 0.06 0.75 0.80 0.38 0.15
Uniform cosine 2 0 2 1.13 385.95 0.38 0.27 0.55 0.18 56 0.24 0.47 0.60 0.47 0.12
Half normal cosine 1 0 2 1.25 386.06 0.43 0.29 0.64 0.20 56 0.29 0.87 1.00 0.42 0.14
b) Truncated at 35m
Model
N 
adjust-
ment 
terms Covariates
total N 
para-
meters
Delta 
AIC AIC
Pooled 
density 
estimate 
(T.v/Ha)
lower 
95% 
conf. 
limit
upper 
95% 
conf. 
limit
CV of 
density 
estimate
N 
obs
Chi-square 
p-value
Kolmogorov-
Smirnov                 
p-value
cos-weighted 
Cramér-von 
Mises              
p-value
Probablity 
of 
detection CV
Half normal 0 vegetation density 4 0.00 351.23 0.41 0.28 0.60 0.20 53 0.48 0.93 1.00 0.45 0.13
Half normal 0 weather 3 0.32 351.54 0.40 0.28 0.56 0.18 53 0.24 0.76 0.60 0.47 0.11
Hazard rate 0 weather 4 0.73 351.95 0.51 0.35 0.75 0.20 53 0.12 0.72 0.70 0.36 0.14
Half normal 0 0 1 0.92 352.15 0.37 0.26 0.53 0.18 53 0.34 0.37 0.50 0.49 0.10
Half normal 0 vegetation species 3 1.00 352.22 0.39 0.27 0.55 0.18 53 0.21 0.88 0.80 0.47 0.11
Uniform cosine 1 0 1 1.60 352.83 0.35 0.26 0.48 0.15 53 0.29 0.21 0.30 0.53 0.06
Hazard rate 0 vegetation species 4 1.82 353.05 0.48 0.33 0.69 0.19 53 0.14 0.98 0.90 0.39 0.13
Hazard rate 0 0 2 1.92 353.15 0.43 0.26 0.71 0.25 53 0.34 0.95 1.00 0.42 0.21
Hazard rate 0 vegetation density 5 2.25 353.47 0.48 0.33 0.72 0.20 53 0.08 0.78 0.80 0.38 0.14
Table 7.6 Models fitted to T. vulpecula data: a) non-truncated, b) truncated at 35m. Density estimates are for all field sites pooled; variance is calculated
analytically. Models ranked by AIC.Chapter 7 – Population density   
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The model ranked highest by AIC for the entire data set was the hazard rate model 
with no adjustment terms or covariates (Table 7.6a). The next two models (both within 
2 AIC of the top one) were the half normal with 1 cosine adjustment, incorporating 
“vegetation density” (4 levels) as a covariate, and a hazard rate model incorporating 
“vegetation species” (3 levels) as a covariate. Model fit for all three models was good 
according to the Kolmogorov-Smirnov and cosine-weighted Cramér-von Mises tests; 
the 
2 goodness-of-fit test statistic produced using the default settings in Distance 
was best for the top model, but varied for each model depending on the choice of cut-
points for pooling. The variance associated with estimation o f detection probability 
was highest for the top-ranked model, resulting in poor precision of density estimation 
compared to the other models in the set. 
The best model according to AIC for the data truncated at 35 m was the half normal 
model incorporating  “vegetation density” as a covariate (Table 7.6b). The fit of this 
model was better than any of the others that were within 2 AIC of this. Truncation of 
the data set removed the slight degree of heaping at the tail of the distribution (Fig. 7. 
3) and reduced the need for as many adjustment terms in the models, compared to 
the entire data set. For these reasons, and because the top model for the truncated 
data provided more precise estimates than the top model for the entire data set, the 
half normal model incorporating “vegetation density” as a covariate was chosen as the 
model from which to estimate T. vulpecula population densities at the three field sites, 
using the truncated data set.  
The half normal key function incorporating a covariate takes the form: 
 
 
where g(y,z) is the probability of detecting an object with covariate z at distance y from 
the transect line, and σ(z) is the scale parameter which is modelled as an exponential 
function of the covariate: 
 
where q is the number of covariate parameters (Buckland et al. 2001, 2004). In this 
case, vegetation density was a factorial covariate with four levels: light, light-medium, 
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medium-dense and dense. The scale of the detection function was influenced by the 
level of the covariate; probability of detection was highest at distances further from 
the  line  when  vegetation  density  was  light  and  decreased  as  vegetation  density 
increased, as illustrated in Fig. 7.6. 
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Figure 7.6 Half normal key function, scaled by vegetation density, fitted to 11-bin 
histograms  of  the  truncated  T. vulpecula  distance  data  for  each  factor  of  the 
covariate 
 
Trichosurus vulpecula densities at each of the field sites estimated from the truncated 
data set, using the half normal model with “vegetation density” as a covariate, are 
shown in Table 7.7. Estimates ranged between 0.26 and 0.72 T. vulpecula/ha for the Chapter 7 – Population density   
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four transect lines. Density of T. vulpecula was lowest at Martin’s Tank and highest at 
the  southern  transect  at  Leschenault  Peninsula.  Hollow-bearing  tuart  trees  were 
abundant at this southern site and much less abundant at the northern site, where the 
vegetation was dominated by peppermint and T. vulpecula denned in disused rabbit 
warrens (Chapter 6). Both tuart and peppermint were present at Preston Beach Road; 
upper storey species at Martin’s Tank included peppermint, tuart, jarrah and Banksia.  
Coefficients of variance of density estimates were quite high at all sites, ranging from 
26-34%. Thus all density estimates were quite imprecise. Most of the contribution to 
variance was due to variation in encounter rate, which ranged from 75-85% among 
sites. Encounter rate variance, being derived from repeat visits to single transect lines, 
is again likely to underestimate the true spatial variability in T. vulpecula distribution at 
each field site. Estimation of variance using a 3xPoisson distribution of encounter rate 
increased the CVs associated with density estimations to levels between 47-54% (Table 
7.7). Again, this has implications in regard to survey design, if more precise density 
estimates are required (Section 7.4.3).  
 
Field Site
Density 
estimate 
(T.v/Ha)
%CV 
(analytical)
%CV 
(bootstrap)
%CV 
(3xPoisson) df
Encounter 
rate 
(T.v/m) %CV
Martin's Tank 0.26 0.12 - 0.53 34 36 54 12.4 0.0008 32
Preston Beach Rd 0.43 0.22 - 0.87 33 30 47 12.8 0.0014 30
Leschenault north 0.39 0.20 - 0.79 33 31 52 12.8 0.0012 30
Leschenault south 0.72 0.42 - 1.25 26 23 47 15.9 0.0023 23
Upper and 
lower 95% 
confidence 
intervals 
(analytical)
Table 7.7 Estimates of T. vulpecula density at the four transect locations from the half normal
model including the 4-factor covariate "vegetation density", using the truncated (at 35m) data set.
Variance calculated by three different methods (see text).
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7.4 DISCUSSION 
7.4.1 Reliability of estimation 
In order to obtain reliable estimates of animal density, it is important that data are 
collected in such a manner that the four critical assumptions upon which the distance 
sampling method is based are not violated (Buckland et al. 2001). These are: i) transect 
lines are placed randomly with respect to the distribution of animals, ii) all animals on 
the line are detected with certainty iii) animals are detected at their initial location, 
and iv) measurements are exact. Each of these is discussed in turn below.  
As only a single transect was surveyed at each site, the location of each was chosen 
such that it traversed representative habitat types and passed through or near to the 
areas  in  which  translocated  P. occidentalis  had  been  released.  The  line  walked  at 
Preston Beach Rd was the same as used by de Tores et al. (2004) in previous surveys at 
that site. The other transects were newly established. I believe the transects were 
located suitably for the purpose required, i.e. to obtain an indication of changes in 
P. occidentalis population numbers since the translocation program began at each site, 
and  to  serve  as  a  pilot  study  from  which  to  design  stratified  surveys  for  future 
monitoring. However, use of a single transect at each site was a design flaw, as density 
estimates were therefore limited to the line in question, and variances were likely to 
be underestimated.  
The assumption that all animals present on the transect line itself are detected with 
certainty is critical for obtaining unbiased estimates of population density. Estimates 
will be biased downwards in direct relationship to the proportion of animals on the 
line  that  are  missed  by  observers.  It  has  been  shown  that  spotlight  surveys  can 
severely  underestimate  T. vulpecula  numbers  (Wayne  et  al.  2005b)  and,  from  my 
radio-tracking of collared animals, I know that individuals of this species are often 
difficult to observe even when their location is known. Trap-based methods such as 
trapping webs (Anderson et al. 1983, Lukacs et al. 2005) and passive detector arrays 
(Efford 2004, Efford et al. 2004) are considered to provide more accurate estimates of 
T. vulpecula densities than spotlighting. Comparison of the results of my survey with Chapter 7 – Population density   
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estimates derived from the data in Nowicki (2007) for the same field sites would be 
one way of estimating the degree to which the survey methodology employed in this 
study underestimates true population densities of T. vulpecula.  
The  degree  to  which  P. occidentalis  numbers  might  be  underestimated  due  to 
imperfect detection on the line is unknown because no alternative methods have been 
demonstrated  to  perform  better.  Trapping  underestimates  P. occidentalis  numbers 
compared to  spotlighting  (Wayne  et  al.  2005b),  while  scat  counts  provide  only  an 
indication of species presence. During my radio-tracking work I found P. occidentalis 
much easier to sight than T. vulpecula, due to their greater tendency to look down at 
people below, and to their brighter eye-shine. However, individual animals varied in 
their propensity to stay still and look down, so it is likely that at least a few were 
missed on the transect line despite careful searching of the foliage from various angles 
(searching ahead, looking directly upwards and checking behind).  
There are at least two methodologies that can be employed to quantify the degree to 
which observers fail to detect animals on the transect line. A double-observer method 
(Buckland et al. 2004) can be used to determine the relative proportions of sightings 
detected by one versus both independent observers (2008). Alternatively, if sufficient 
radio-collared animals are present in the study region, simultaneous known locations 
of these can be compared with observations from the survey (2001). Both methods 
have practical limitations when dealing with a sparsely distributed, cryptic and mobile 
species such as P. occidentalis, but could be incorporated into future studies.  
The third assumption, that animals are detected at their initial location, will be violated 
if disturbed animals move away from the survey line before observers detect them. 
This  is  unlikely  in  the  case  of  P. occidentalis  which  usually  sit  still  and  look  down; 
however, movement is possible in the case of T. vulpecula, which are more likely to be 
on the ground and thus need to evade the approach of potential predators. Significant 
evasive movement shows up as reduced detections close to the line in comparison to 
numbers further from it; this was not a feature of my data (Fig. 7.3), so was unlikely to 
have affected my density estimates. Chapter 7 – Population density   
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The  final  assumption,  exact  measurement  of  distances  from  the  line,  is  of  low 
importance for line transects if errors are random and small in relation to the width of 
the strip in which animals are observed (Buckland et al. 2001). Determination of GPS 
locations from which distances were measured in this study involved post-processing 
of  data  in  relation  to  a  known  base  station;  precision  was  ±3  m  (Chapter  6),  and 
unlikely to have introduced any significant bias.  
Highly  accurate  surveys  of  ringtail  possum  populations  have  rarely  been  achieved 
except when accessible populations are studied in great detail, e.g. How et al. (1984), 
Pahl  (1984,  1987b)  and  Munks  (1995),  all  of  which  investigated  common  ringtail 
possums. Most published surveys lack associated estimates of variance (Jones et al. 
1994a, Pahl 1984); thus comparisons between sites or years are difficult to interpret. 
Numbers of P. occidentalis fluctuate within years due to presence/absence of juveniles 
and  between  years  due  to  resource  variability;  thus  measures  of  precision  are 
important  so  that  significant  changes  in  population  densities  can  be  differentiated 
from  small-scale  fluctuations.  This  is  particularly  important  when  dealing  with 
translocated  populations  of  endangered  species.  The  coefficients  of  variation 
associated with the density estimates obtained in both this study and that of de Tores 
et al. (2004) are too high to detect anything other than dramatic population changes 
with any degree of certainty. Greater survey effort is necessarily required when animal 
densities are low. Strategic survey design, based on knowledge of animal preferences 
for  particular  habitat  types,  can  improve  precision  of  estimates  with  maximal 
efficiency. These issues are explored further in Sections 7.4.3 and 7.4.4 in relation to 
the translocated P. occidentalis populations.  
7.4.2 Possum population sizes and trends 
a) Pseudocheirus occidentalis 
All estimates of P. occidentalis densities in this study were generally lower than density 
estimates for naturally-occurring populations (Fig. 7.7), and pertain only to the strips 
surveyed.  
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Figure 7.7 Density estimates for translocated and natural populations of P. occidentalis 
in coastal regions of south-west WA. Data from de Tores et al. (2004) (white), this 
study (black), Jones et al. (1994a) (diagonal lines), Grimm (in prep) (stippled). High and 
low density areas shown for data from Jones et al. (1994a); upper 95% confidence 
limits shown where available. Inference cannot be drawn beyond the surveyed strips 
for the translocation sites. The method used by Jones et al. (1994a) was different to 
the rest; therefore, the data are not directly comparable.  
 
Pseudocheirus occidentalis are found at greatest densities in the urban and semi-urban 
regions  of  Busselton  (Jones  et  al.  1994b,  Jones  et  al.  2004),  particularly  where 
peppermint is dominant. Pseudocheirus occidentalis are well-adapted to living in urban 
environments where they will browse on introduced species such as roses, and live in 
roof cavities. The semi-urban coastal strip to the west of Busselton is a stronghold for 
the  species  (Jones  et  al.  1994a,  1994b),  but  the  region  is  subject  to  continued 
development pressure (de Tores et al. 2008a). Densities have been estimated in the 
range of 2.4 - 4.5 P. occidentalis/ha (Jones et al. 1994a) in this area. To the east and 
north of Busselton P. occidentalis are less abundant, but densities are still greater than 
those of the translocated populations. Preliminary estimates during 2008 were 2.34 
P. occidentalis/ha  at  TFNP  and  1.25  P. occidentalis/ha  at  Gelorup  (Grimm  in  prep). 
Natural  populations  of  P. occidentalis  further  southeast  in  the  jarrah  forests  near 
Perup were monitored by spotlighting between 1996 and 2003 (Wayne et al. 2005a), Chapter 7 – Population density   
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but densities were not estimated. Numbers of sightings declined between 1998 and 
2003  following  logging  operations  (Wayne  et  al.  2005a);  this  was  interpreted  as  a 
population decline and numbers have apparently not recovered (A. Wayne personal 
communication).  
Although density estimates for the translocated P. occidentalis populations were low 
compared to the natural coastal populations for which data are available (Fig. 7.7), the 
presence  of  juveniles  at  Martin’s  Tank  and  Preston  Beach  Road  indicates  that 
recruitment is occurring at these two sites. This is in contrast to Leschenault Peninsula 
where results of the current survey conform to observations in 2002 (de Tores et al. 
2004), indicating that populations have not recovered from the decline that occurred 
between 1998 and 2002, despite translocation of 96 extra P. occidentalis in 2004-05 
(de Tores 2005, P. de Tores unpublished data) and 30 in this study.  
This is the first survey of the Martin’s Tank population since it was established in 2004-
05  with  the  translocation  of  75  P. occidentalis  (P.  de  Tores,  unpublished  data); 
therefore,  no  comparisons  with  previous  estimates  are  possible.  Most  possum 
sightings occurred in the northern half of the transect, nearest the release site used 
most frequently in 2004-05 (P. de Tores, unpublished data). This is also a section of the 
field  site  in  which  the  peppermint  canopy  is  highly  contiguous  (Chapter  6).  More 
widespread survey effort is required to determine the range of P. occidentalis densities 
throughout the field site as a whole. Opportunistic P. occidentalis sightings during the 
course of routine radio-tracking were most common closest to this northern release 
site (personal observations), suggesting that the translocated population may currently 
be limited in spatial extent. Whether this is a function of habitat quality or the limited 
time  since  re-introduction  of  this  species  remains  to  be  determined  from  future 
surveys.  
The P. occidentalis density estimate at Preston Beach Road obtained in this study (0.57 
P. occidentalis/Ha) is lower than that reported in de Tores et al. (2004) who estimated 
a density of 1.04 P. occidentalis/ha in 2002 for the same transect. However, the 95% 
confidence intervals of the two estimates overlap (Fig. 7.7), thus a decline in density 
cannot be declared with any level of confidence. Although the detection functions Chapter 7 – Population density   
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used in the two surveys probably differed, relative density estimates are unlikely to be 
much affected by this, due to the robust nature of the functions involved (Buckland et 
al. 2001). It appears that the translocated P. occidentalis population is persisting at this 
site, despite only 15 additional translocations since 2001 (those in this study). Again, 
more  widespread  survey  effort  is  required to determine the  spatial  distribution  of 
P. occidentalis at this site, which is characterised by patchy distribution of peppermint 
and variable canopy density (Chapter 6).  
Pseudocheirus  occidentalis  sightings  on  all  transects  in  this  study  occurred  most 
frequently within habitat dominated by peppermint. This agrees with the findings of 
Jones  et  al.  (1994b)  who  found  that  most  extant  populations  of  P. occidentalis  in 
south-WA  were  associated  with  abundant  peppermint,  especially  where  canopy 
continuity was high. However, release locations for translocated P. occidentalis within 
each  field  site  were  chosen  on  the  basis  of  peppermint  density,  so  the  observed 
association between P. occidentalis sightings and habitat type may also be a function 
of limited dispersal of re-introduced animals from these regions. The association of 
P. occidentalis  at  Preston  Beach  Road  with  areas  dominated  by  peppermint  is 
unchanged  from  the  situation  in  2002  (de  Tores  et  al.  2004),  which  suggests  that 
P. occidentalis  do  indeed  exhibit  a  preference  for  this  vegetation  type.  Although 
peppermint is common at both Martin’s Tank and Preston Beach Road, it is frequently 
found in association with other upper-storey species such as tuart, jarrah and Banksia 
species, and can be patchily distributed (personal observations). Thus P. occidentalis 
densities are likely to vary within these field sites; this could have implications for 
population  viability  if  overall  densities  are  low  enough  for  stochastic  events  or 
predation-driven  Allee  effects  to  lead  to  local  extinctions  (Berec  et  al.  2006, 
Courchamp et al. 1999a, Gascoigne and Lipcius 2004, Gilpin and Soulé 1986).  
Nutrient levels, particularly nitrogen and potassium, in peppermint foliage are known 
to affect population densities of arboreal marsupials (Braithewaite et al. 1984) and 
have  been  shown  to  influence  P. occidentalis  distribution  (Jones  et  al.  1994b).  In 
addition, levels of secondary metabolites affect rates of energy and protein intake in 
arboreal folivores (Foley et al. 2004, Lawler et al. 1998, Pass et al. 1998, Wiggins et al. 
2003).  Levels  of  nitrogen  and  potassium  in  foliage  at  Leschenault  Peninsula  were Chapter 7 – Population density   
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measured during 1990-92, prior to translocation of P. occidentalis into the area, and 
were found to be lower than at sites in which P. occidentalis were present at the time 
(Jones et al. 1994b). This is the only occasion on which foliar nutrient levels have been 
measured  at  any  of  the  translocation  sites;  levels  of  nitrogen  and  potassium  in 
peppermint at Martin’s Tank and Preston Beach Road are unknown. Unfortunately 
such research was beyond the scope of the current project. Future studies of both 
nutrient and secondary metabolite levels in foliage at the translocation sites are worth 
considering, especially given the low and apparently patchy P. occidentalis population 
densities at the Yalgorup sites and the reduction in P. occidentalis numbers over the 
past  decade  at  Leschenault  Peninsula.  Although  predation  by  both  introduced  and 
native species appears to be currently limiting translocation success, it is possible that 
the carrying capacity of the translocation sites is also limited by nutritional factors, of 
which an understanding is vital for assessment of population viability over the long 
term.  
Another factor that could be limiting the density of P. occidentalis populations at the 
translocation sites is competition with sympatric T. vulpecula for rest sites or food. 
Coastal sites in which T. vulpecula coexist naturally with P. occidentalis are those in 
which hollow-bearing Eucalyptus species are present along with peppermint (Jones et 
al. 1994b). Inter-specific competition has not been demonstrated, but Jones  (2004) 
speculated that a rise in T. vulpecula numbers following fox control may be deleterious 
for  P. Occidentalis,  and  there  are  anecdotal  observations  of  T. vulpecula  evicting 
P. occidentalis from hollows (How and Hillcox 2000, Wayne et al. 2005c). I showed in 
Chapter 5 that establishment of translocated P. occidentalis was negatively correlated 
with T. vulpecula numbers at the release sites; determination as to whether or not this 
relationship  is  causal  would  require  experimental  manipulation  of  T. vulpecula 
populations. The decline in the translocated P. occidentalis population at Leschenault 
Peninsula  between  1998  and  2002  was  accompanied  by  a  slight  but  insignificant 
increase in T. vulpecula numbers; inter-specific competition was considered unlikely to 
have  been  a  causal  factor  in  the  decline  (de  Tores  et  al.  2004).  My  estimates  of 
T. vulpecula density at Leschenault Peninsula for 2008 were higher than those of de 
Tores et al. (2004) for 2002 (see below), especially in the southern transect where Chapter 7 – Population density   
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tuart and peppermint co-occur and P. occidentalis were absent. It is possible that the 
increasing  T. vulpecula  numbers  have  directly  impacted  upon  established 
P. occidentalis  populations;  however,  increased predation  pressure  appears  a  more 
likely cause of decline (Chapter 4), as speculated earlier by de Tores et al. (2004).  
b) Trichosurus vulpecula 
Density estimates for T. vulpecula at the translocation sites varied between 0.26 and 
0.72 T. vulpecula/ha (Table 7.7). Martin’s Tank recorded the lowest value, followed by 
the peppermint-dominated site at Leschenault Peninsula (0.39 T. vulpecula/ha), then 
Preston  Beach  Road  (0.43  T. vulpecula/ha).  The  highest  density  occurred  at  the 
southern transect at Leschenault Peninsula, where the canopy was comprised of a 
mixture of peppermint and tuart. Martin’s Tank was the only site where 1080-baiting 
for fox control was not carried out. The density estimates support the hypothesis that 
T. vulpecula  respond  positively  to  fox  control,  as  has  been  demonstrated  at  other 
Western Australian sites (Kinnear et al. 2002). However, the 95% confidence intervals 
around the estimates in my study were wide (Table 7.7), thus limiting reliability of 
inference based on these results.  
The  density  estimates  for  T. vulpecula  at  the  translocation  sites  follow  the  same 
general pattern as the population estimates determined from trapping webs at these 
locations by Nowicki (2007). In both studies estimates were lowest at Martin’s Tank 
(the  unbaited  site)  than  at  the  two  baited  locations.  The  population  estimates  of 
Nowicki (2007) were not converted to density estimates, as the effective sampling area 
for each web was not determined. However, the raw data are suitable for analysis by 
spatially explicit capture-recapture methods (Anderson et al. 1983, Efford 2004, Efford 
et  al.  2004,  Lukacs  et al.  2005),  such  as  Program  Density  which  is  freely  available 
(Efford 2008). Comparison of my density estimates with those derived from trapping 
data would provide an indication of the proportion of T. vulpecula present on the line 
that were missed during the spotlighting transects.  
It  is  also  possible  to  estimate  population  density  from  population  size  estimates 
derived from trapping grid data if a sample of the captured animals from the grid are 
radio-collared  and  monitored  for  a  period  of  time  after  the  trapping  study  to Chapter 7 – Population density   
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determine the proportion of time they spend on the trapping grid (White and Shenk 
2001). The estimated density,D ˆ , is calculated as:  
A
p N
D
ˆ
ˆ , 
where  N ˆ  is the population size estimate from the trapping grid,  p  is the average 
proportion of fixes located within the grid for the radio-marked animals, and  A is the 
area of the trapping grid (White and Shenk 2001). Using data gathered from the radio-
collared T. vulpecula that I monitored (Chapter 6) and the population size estimates 
provided  by  Nowicki  (2007),  T. vulpecula  density  estimates  for  the  trapping  webs 
calculated with the formula above were approximately three times larger than those 
estimated from the spotlight survey.  
Wayne et al. (2005b) estimated that spotlighting detected only 5-13% of T. vulpecula 
captured in traps over the same areas; however, neither distance sampling nor mark-
recapture methods were used to analyse the data. Spotlight surveys of squirrel gliders 
compared with trapping (Goldingay and Sharpe 2004), and of greater gliders compared 
with  radio-telemetry  (Lindenmayer  et  al.  2001),  estimated  that  79%  and  74% 
respectively  of  gliders  present  were  missed  during  spotlighting.  Thus,  although 
spotlight surveys of T. vulpecula may be useful for relative comparisons of density over 
time or between locations, unbiased estimates of density require trap-based methods 
(Efford and Cowan 2004).  
The T. vulpecula density estimates obtained in my study were somewhat higher than 
those obtained by de Tores et al. (2004) for Leschenault Peninsula in 2002 using similar 
methodology, and slightly lower than those obtained by the same authors for Preston 
Beach  Road  that  year  on  the  same  transect  line  (Fig.  7.8).  However,  the  95% 
confidence  intervals  for  both  studies  are  high,  therefore  limiting  interpretation. 
Similarly to the findings of de Tores et al. (2004), T. vulpecula densities tended to be 
higher at sites where tuart was common compared to those at which peppermint was 
the  dominant  canopy  species.  This  is  presumably  a  function  of  increased  rest-site Chapter 7 – Population density   
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availability (tree-hollows), and agrees with the findings of Jones and Hillcox (1995) who 
offer a similar interpretation.  
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Figure 7.8 Distance sampling density estimates for T. vulpecula at the translocation 
sites.  Data  from  de  Tores  et  al.  (2004)  (white)  and  this  study  (black).  Upper  95% 
confidence limits are shown. Inference cannot be drawn beyond the surveyed strips 
for the translocation sites; estimates are not comparable with those elsewhere that 
have been derived using different methodologies.  
 
T. vulpecula  are widely distributed throughout Australia (Kerle 1984, 2001) and are 
also common in New Zealand where they are an introduced pest (Cowan and Clout 
2000, Paterson et al. 1995, Sweetapple et al. 2004, Warburton 2000). The species is 
characterised by high adaptability to a variety of environments, morphologic plasticity 
over its range, and spatial variability in fecundity, social structure and home range size 
(Day et al. 2000, Kerle 1984, Kerle et al. 1991). Population densities vary widely among 
localities. In New Zealand, where T. vulpecula occupy mixed podocarp broad-leafed 
forest habitats, densities range between 3.0 and 13.0 T. vulpecula/Ha, and have been 
recorded as high as 25.4/ha (Efford 2000, Efford and Cowan 2004).  
Densities  are  generally  lower  in  Australia  where  the  vegetation  is  less  nutritious, 
ranging from 0.2 to 4.0 T. vulpecula/ha depending on locality (Kerle 1984). Few density Chapter 7 – Population density   
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estimates exist for populations in south-western Australia; 0.43 T. vulpecula/ha was 
reported  for  woodland  near  Pingelly  in  the  wheat  belt  (Sampson  1971),  while 
estimates of How and Hillcox (2000) ranged between 1.77 and 2.84 T. vulpecula/ha for 
Abba River on the coastal plain near Busselton (a locality in which P. occidentalis are 
also found). These latter estimates were derived from a mark-recapture study and 
confidence  intervals  were  not  reported.  Recent  analyses  carried  out  by  Grimm  (in 
prep) at TFNP/Ludlow and Gelorup, using line transect methods, recorded 0.42 and 
0.94 T. vulpecula/ha respectively.  
Sighting of T. vulpecula occurred in all the vegetation types covered by my transect 
lines, but were less common in vegetation strata dominated by peppermint than in 
strata  where  other  canopy  species  were  present  in  addition  to,  or  instead  of 
peppermint. This finding agrees with that of de Tores et al.  (2004), and suggests a 
preference  for  non  peppermint-dominated  habitat.  However,  T. vulpecula  densities 
along  the  peppermint-dominated  northern  transect  at  Leschenault  Peninsula  were 
similar to those observed at Preston Beach Road as a whole, showing that T. vulpecula 
will  occupy  such  areas  if  den  sites  are  available  (e.g.  disused  rabbit  warrens,  see 
Chapter 6). Since they commonly feed on peppermint (How and Hillcox 2000), their 
presence in peppermint-dominated habitat is not surprising, and suggests that the 
level of habitat partitioning between T. vulpecula and P. occidentalis may not be great 
enough to prevent competition for food, if this resource becomes a limiting factor.  
The lower numbers of T. vulpecula observations in peppermint-dominated habitat may 
be partly a function of vegetation density, as this stratum tends to have greater canopy 
connectivity than other habitat types. The model ranked highest by AIC in my study 
included  vegetation  density  as  a  covariate;  thus  my  density  estimates  took  this 
cofactor into account. This may be one reason why my density estimates for the two 
habitat types at Leschenault Peninsula (northern versus southern transect) showed 
only a two-fold difference compared to the three-fold difference between vegetation 
strata reported by de Tores et al. (2004) for that field site as a whole (surveyed along 
roads).  Chapter 7 – Population density   
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7.4.3 Transect length requirements 
Precise estimates of population densities are required to reliably determine trends in 
possum  populations  over  time,  and  to  make  meaningful  comparisons  between 
locations.  Whilst  mark-recapture  trapping  methods  are  suitable  for  monitoring 
T. vulpecula populations (Efford and Cowan 2004), spotlight surveys remain the most 
useful method of estimating P. occidentalis densities (Wayne et al. 2005b). Scat counts 
provide suitable indices of population sizes in some situations (Wayne et al. 2005b), 
but  are  likely  to  be  less  practical  when  expected  densities  are  low  or  dense 
undergrowth is present. The level of precision required from a survey depends on the 
effect size one wishes to detect. For practical purposes, suitable target coefficients of 
variation (CVs) for density estimates are often in the order of 10%. Values much higher 
than 20% are likely to preclude reliable inference (Buckland et al. 2001).  
The coefficients of variation (CVs) for the estimates of P. occidentalis density in this 
study  ranged  between  21%  and  42%  (Table  7.5).  These  values  were  derived  from 
repeated nights on a single transect at each site, and are thus likely to underestimate 
true  variances  for  each  site  as  a  whole.  Use  of  a  3xPoisson  distribution  to  model 
encounter  rate  variation  results  in  higher,  perhaps  more  realistic,  estimated  CVs, 
ranging between 39% and 87% at the three sites (Table 7.5).  
These variance estimates can be used to calculate the necessary survey effort (in terms 
of  transect  length)  required  to  obtain  density  estimates  with  specified  levels  of 
precision. For each field site I calculated the total line lengths that would be needed to 
obtain density estimates with CVs of either 10% or 20%, using both the analytical CVs 
from  the  current  survey  and  those  derived  from  the  3xPoisson  distribution. 
Calculations were carried out using the formula shown below (from Buckland et al. 
(2001); the results are provided in Table 7.8.  Chapter 7 – Population density   
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where L0 is the total line length from the pilot survey, cv( 0 ˆ D ) is the CV of the estimated 
density obtained from the pilot survey, and cvt(D ˆ ) is the target CV.  
 
10% CV 20% CV 10% CV 20% CV
Martin's Tank 516 13.74 58 14 210 52
Preston Beach Rd 573 11.05 80 20 169 42
Leschenault north 9.71 171 43 738 184
Leschenault south 6.65 ? ? ? ?
1071
Table 7.8 Transect length requirements for future P. occidentalis surveys. Calculations
are based on two different variance measures; two levels of precision are specified for
each. Areas refer to the fire exclusion zones within each field site.
Site Transect 
length 
surveyed 
(km)
for: for:
Analytical CV 3x Poisson CV
Total transect length (km) required based on: Area 
(Ha)
 
 
Transect length requirements varied depending on desired levels of precision, and on 
the  CV  values  used  in  the  calculations  (Table  7.8).  The  3xPoisson  CV  is  probably 
conservative, but the analytical CV may underestimate the variability in P. occidentalis 
distribution throughout each entire site. It is likely that the true value is somewhere in 
between. Transect lengths required to meet a target CV of 10% calculated from the 
analytical  variance  were  similar  to  those  required  for  a  20%  target  CV  using  a 
3xPoisson  encounter  rate  variance.  Those  required  for  a  10%  target  CV  calculated 
using the 3xPoisson CV were much larger, and impractical for surveying such small 
areas of land.  
At both Martin’s Tank and Preston Beach Road it is feasible to survey approximately 50 
km of transect line by covering each site with a zigzag transect (Buckland et al. 2004), 
consisting of 10-15 legs and totalling 10-15 km in length. These would need to be Chapter 7 – Population density   
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covered five times each to obtain a sufficiently high encounter rate, which could be 
done  over  10  nights  (walking  at  0.5  km/hr,  as  was  done  in  the  pilot  survey,  thus 
covering half the total transect length each night). Establishment of such long transect 
lines would take considerable effort, given the scrubby nature of the undergrowth in 
many places; however, once in place, they could be cleared annually without difficulty 
and re-used over many years to monitor changes in population numbers. Levels of 
precision of such surveys could be expected to be between 10% and 20%, based on the 
results of the current (pilot) study (Table 7.8).  
Estimated P. occidentalis population densities at Leschenault Peninsula are currently 
very  low;  therefore,  transect  length  requirements  are  much  longer  if  improved 
precision is required. At least twice the effort calculated for Martin’s Tank and Preston 
Beach Road is needed at Leschenault Peninsula. Again, the site could be surveyed using 
10-15 km of zigzag transects, but at least consecutive 20 nights of spotlighting would 
be necessary to (perhaps) obtain sufficient sightings for useful population estimates. 
Such surveys should be considered if the site is used in future translocation programs, 
especially given the previous population crash at this location.  
Stratified sampling designs could also be used to maximise efficiency of data collection 
and improve precision of estimates (Buckland et al. 2001). This would entail stratifying 
the  field  site  according  to  vegetation  type  (e.g.  peppermint-dominated,  mixed 
peppermint-other and other-dominated; see Chapter 6) and putting greater numbers 
of transects through the strata in which P. occidentalis were most likely to be found 
(those  containing  peppermint).  Strata  could  be  pooled  for  detection  function 
estimation,  and  then  density  and  variance  estimated  for  each  stratum.  Such 
information would be useful for understanding P. occidentalis distributions in other 
locations, and predicting carrying capacity of future proposed translocation sites.  
7.4.4 Population monitoring and future recommendations 
Long-term success of translocation programs can only be confirmed through continued 
monitoring. Translocation of P. occidentalis to Leschenault Peninsula met initial criteria 
for  success,  including  establishment  of  home  ranges  and  successful  breeding  of Chapter 7 – Population density   
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founders and recruits (de Tores et al. 2005a, de Tores et al. 2005b, de Tores et al. 
2004). However, the population failed to remain self-sustaining in the longer term, for 
reasons  that  were  unclear  due  to  lack  of  regular  funded  monitoring.  The  current 
project was part of a wider study aimed at better understanding the factors that affect 
translocation success for this species (de Tores 2005), but its limited time frame only 
allowed a snap-shot view.  
Monitoring to date does suggest that viable P. occidentalis populations have become 
established at sites in Yalgorup National Park (Fig. 7.7; P. de Tores, unpublished data). 
However,  the  future  sustainability  of  these  populations  cannot  be  guaranteed, 
especially given the low survival rates of recently translocated individuals (Chapters 4 
and 5) and the likely effects of predicted climate change on a species with limited heat 
tolerance (Yin 2006). Predation pressure due to exotic and native species remains high 
(Chapter 4), and continued population monitoring will be required to assess the effects 
of  changes  in  predator  control  regimes.  In  addition,  the  potentially  competitive 
relationship between P. occidentalis and sympatric T. vulpecula is poorly understood. 
Excepting  experimental  manipulation  of  T. vulpecula  numbers,  monitoring  of  both 
species in relation to habitat quality is likely to be the best way of determining the 
conditions under which they can coexist in a stable manner.  
Whether  or  not  further  P. occidentalis  translocations  occur  will  depend  on 
development  pressure  in  the  Busselton  region,  feasibility  of  alternate  mitigation 
measures  (such  as  habitat  retention  and  replanting)  and  recommendations  of  the 
Western  Ringtail  Possum  Recovery  Team  which  is  yet  to  formulate  a  cohesive 
management plan for the species. Some form of continued monitoring of translocated 
populations is important to determine long-term success or failure of the program, and 
will be particularly vital if Leschenault Peninsula is to be re-stocked under an adaptive 
management framework incorporating improved exotic predator control. While trap-
based  mark-recapture  methods  can  be  employed  for  T. vulpecula,  precise  density 
estimation of P. occidentalis populations will require the establishment of additional 
transect lines to those used in this study and a financial commitment to annual or 
biannual  monitoring.  Efficiency  of  density  estimation  can  be  maximised  by  putting 
more search effort into regions of greater expected P. occidentalis presence (using a Chapter 7 – Population density   
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stratified  survey  design),  but  systematic  coverage  of  the  entire  site  of  interest  is 
necessary  to  draw  meaningful  conclusions  from  results.  Whilst  the  level  of  survey 
effort calculated in Section 7.4.3 is recommended, practical limitations in funding and 
human  resources  may  necessitate  some  degree  of  compromise  between  what  is 
desirable and that which is achievable in reality.  
As the translocated P. occidentalis populations are small and at low densities, trends in 
population  size  may  be  difficult  to  detect,  even  if  greater  survey  coverage  and 
estimation precision is achieved (Gerrodette 1987, Thompson et al. 1998). However, 
the value of frequent (e.g. annual or even biannual) population monitoring to identify 
sudden, possibly catastrophic changes cannot be underestimated given the species 
short life span and endangered status (Seavy and Reynolds 2007). The main challenges 
then  are  management  issues  (Barlow  et  al.  2008),  i.e.;  deciding  on  thresholds  for 
action  and  developing  suitable  response  plans  for  rapid  implementation  once 
population changes are detected.   Chapter 8 – General discussion   
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Chapter 8:  
General discussion and synthesis 
This  thesis  aimed  to  i)  assess  the  health  and  disease  status  of  P. occidentalis  and 
T. vulpecula and investigate relationships between health and translocation success 
(Chapter 3); ii) determine proximate and ultimate causes of mortality of translocated 
P. occidentalis  and  resident  T. vulpecula  (Chapter  4);  iii)  model  survival  of  radio-
collared P. occidentalis and T. vulpecula in relation to individual and  environmental 
variables  (Chapter  5);  iv)  examine  habitat  use  by  translocated  P. occidentalis  and 
resident T. vulpecula and evaluate the evidence for inter-specific competition (Chapter 
6);  and  v)  ascertain  P. occidentalis  and  T. vulpecula  population  densities  at  the 
translocation sites (Chapter 7). This chapter discusses the implications of the results of 
the  component  field  studies  for  present  and  future  management  of  coastal 
P. occidentalis populations in south-west WA. Deficiencies of the project are examined, 
attributes  of  the  translocation  sites  requiring  further  study  are  identified,  and 
alternatives to translocation are assessed. Recommendations for further experimental 
research  are  outlined  and  the  value  of  an  adaptive  management  approach 
emphasised.  
8.1 TRANSLOCATION OUTCOMES FOR P. OCCIDENTALIS 
8.1.1 Health and disease status 
a) Infectious diseases 
This  study  found  no  evidence  that  infectious  disease  was  a  limiting  factor  for 
translocation  success  of  P. occidentalis  during  the  two  year  period  of  study.  All 
P. occidentalis  were  negative  for  specific  antibodies  to  T.  gondii  and  Leptospira 
serotypes before and after translocation. No Cryptococcus antigen was detected in any 
P. occidentalis sample, no evidence of Chlamydophila DNA was detected in mucosal 
swabs from P. occidentalis, and all cloacal swabs were negative for Salmonella. These 
negative  data  suggest  that  transmission  of  infectious  disease  from  translocated Chapter 8 – General discussion   
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P. occidentalis to T. vulpecula (or other P. occidentalis) resident at the translocation 
sites  during  the  study was  unlikely.  Similarly, the  lack  of  evidence  for  presence  of 
infectious disease in T. vulpecula at the translocation sites implies that the health of 
the  translocated  P. occidentalis  population  was  unlikely  to  have  been  adversely 
affected by contact with T. vulpecula. However, because there are greater numbers of 
T. vulpecula than P. occidentalis at the translocation sites, there is always the risk that 
T. vulpecula could act as a reservoir host if a disease agent of higher pathogenicity for 
P. occidentalis than T. vulpecula was to be introduced in the future.  
The current limited exposure of these possum populations to the infectious agents 
listed above means that both possum species could be highly susceptible to future 
introductions of these diseases, with resultant increased mortality rates or decreased 
reproductive  output.  As  the  risk  of  disease  is  of  particular  significance  for  small 
populations (Daszak and Cunningham 1999, de Castro and Bolker 2005, Pedersen et al. 
2007,  Smith  et  al.  2006),  it  is  important  that  pre-release  health  screening  of  all 
possums and post-release screening of all radio-collared possums at the time of the 
first  collar  change  is  maintained  as  a  routine  component  of  translocation  and 
monitoring. Surveillance for other potentially pathogenic organisms such as rickettsia 
and  trypanosomes  is  also  recommended,  as  they  too  have  the  potential  to  affect 
population persistence (Owen 2007, Smith et al. 2008, Vilcins et al. 2009).  
b) Parasites and stress 
Endoparasite levels were found to be negatively correlated with body condition in this 
study.  Parasite  numbers  were  also  high  in  animals  that  died  from  apparent 
hypoglycaemia  and/or  hypothermia.  Parasites  such  as  nematodes,  tapeworms  and 
ticks are known to affect wildlife health, survival and fecundity (Holmstad et al. 2007, 
Ives and Murray 1997, Murray et al. 1998, Pedersen and Greives 2008, Voříšek et al. 
1998). However, in wild animals it is generally difficult to determine whether infection 
with potentially pathogenic parasites is the primary aetiological reason for alteration 
of the host-parasite balance, or whether an increase in parasitic burden and associated 
pathology  is  due  to  other  health  or  environmental  factors  resulting  in  an 
immunocompromised  condition  in  the  host  animal.  Regardless  of  this,  heavy Chapter 8 – General discussion   
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infestations with potentially pathogenic parasites will inevitably adversely impact on 
the health of wild animals.  
Heavy parasite burdens are likely to have contributed to the observed tendency of 
translocated P. occidentalis to succumb to predation by reducing their energy reserves 
and causing general debilitation. The stress associated with translocation into a new 
environment probably exacerbated the effects of parasitism by reducing the resistance 
of P. occidentalis to infestation, increasing their energy consumption, and impairing 
their ability to obtain and defend territories and find food. Experimental research into 
the value of pre-release control of endo-parasites using drugs such as ivermectin is 
therefore recommended for future P. occidentalis reintroductions.  
c) Haematology and habitat quality 
 The haematological differences found among P. occidentalis from different locations 
suggest that the nutritional quality of the vegetation may be lower at the translocation 
sites  than  in  the  semi-urban  regions  near  Busselton  from  which  the  wild-caught 
P. occidentalis were derived. Red cell counts, haemoglobin concentrations and albumin 
levels were lower at the translocation sites than at Busselton, and also varied among 
translocation sites, being highest at Martin’s Tank. Other studies have suggested that 
variations in haematological parameters relate to the nutritional quality of the animals’ 
environment (Clark and Spencer 2006, Stirrat 2003). I also found differences in pre- 
versus  post-translocation  haematological  parameters  for  individual  animals,  again 
suggestive of lower habitat quality at the translocation sites than at the sites of origin. 
These results have implications for the carrying capacity of the translocation sites, as 
well  as  for  the  long-term  health,  survival  and  fecundity  of  the  translocated 
populations.  
Knowledge of the normal ranges of haematological and serum biochemical parameters 
of  any  animal  species  is  important  for  health  assessment  in  the  case  of  disease 
outbreaks, and in investigations of unidentified causes of morbidity/mortality in animal 
populations  (Jakob-Hoff  1999,  Kock  et  al.  2007,  Parker  et  al.  2006).  The  reference 
ranges  provided  in  Chapter  3  (Table  3.3.2)  will  be  useful  for  future  evaluations  of Chapter 8 – General discussion   
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P. occidentalis health, both when dealing with individual animals and when making 
assessments at a population level.  
8.1.2 Causes of mortality 
a) Predation and the hypothesis of mesopredator release 
Predation (and/or scavenging) was involved in the majority of mortality events for 
both P. occidentalis and T. vulpecula at the translocation sites, as found for previous 
recent translocations of P. occidentalis (de Tores et al. 2005b). A range of predators 
was  implicated,  including  foxes,  cats,  pythons,  raptors,  and  possibly  chuditch. 
However,  because  carcass  characteristics  were  often  non-specific  (Chapter  4), 
differentiation  between  mammalian  predator  species  depended  on  forensic 
identification of predator DNA, which was not always possible. Even when predator 
identity was forensically determined, the results remained open to interpretation (i.e. 
scavenging versus direct predation; see Chapter 4).  
Evidence for a mesopredator release of cats at the 1080-baited sites as a hypothesised 
effect  of  fox  control  was  not  explicitly  demonstrable.  At  Leschenault  Peninsula 
(baited), 13% of deaths were attributed to cats and 10% to foxes, whereas at Martin’s 
Tank  (unbaited)  4%  were  attributed  to  cats  and  17%  to  foxes.  However,  the  high 
proportion of deaths in which the mammalian predator species remained unidentified 
at  both  sites  prevents  a  definite  conclusion  being  made  from  these  ratios.  Equal 
numbers  of possums  were  consumed  by  pythons  at  both these  sites  in  my  study, 
further lessening the evidence for a mesopredator release effect. However, a spate of 
deaths with similar carcass features over a short time period at Leschenault Peninsula, 
with  the  isolation  of  cat  DNA  from  three  of  these,  provided  some  circumstantial 
evidence of increased cat activity at this baited site, at least on occasions. Numbers of 
python sightings at Leschenault Peninsula were overall greater than at Martin’s Tank 
(G. Bryant, personal communication), and during 2004-05 more P. occidentalis were 
killed by pythons and cats at Leschenault Peninsula than at Martin’s Tank (de Tores et 
al. 2005b, de Tores and Marlow in press). Overall, these observations suggest that 
pythons and cats may be more numerous at the 1080-baited site, which could be an Chapter 8 – General discussion   
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effect  of  mesopredator  release  but  could  also  be  due  to  other  factors  such  as  an 
abundance of alternative prey species (juvenile T. vulpecula, mice, bobtail lizards, and 
waterbirds).  
The slightly higher survivorship of P. occidentalis at the unbaited site, Martin’s Tank, 
offers potential support for the mesopredator release hypothesis, but interpretation is 
confounded by the lower numbers of T. vulpecula at that site (i.e. the potential for 
reduced competition) and the haematological evidence that habitat nutrient quality 
might be better at Martin’s Tank than at the baited sites (Chapter 3). A study on the 
responses of a range of arboreal mammal species to broad scale fox control in eastern 
Victoria found that occurrence of common ringtail possums was not associated with 
presence of fox control but rather with mid-storey structural complexity of habitat 
(Anson and Jessop 2009). Further experimental studies that include replication of both 
baited and unbaited sites, along with concurrent measurements of predator densities, 
T. vulpecula  numbers  and  foliage  nutrient  quality  are  required  to  demonstrate  the 
existence  (or  otherwise)  of  mesopredator  release  and  its  actual  effect  on 
P. occidentalis translocation success.  
b) Contributory factors 
Several of the recovered P. occidentalis carcasses showed poor body condition with 
obvious  parasite  burdens.  An  unknown  proportion  of  the  deaths  attributed  to 
predation  may  have  had  underlying  nutritional,  parasitic  or  stress-related  causal 
elements  also.  It  is  difficult  to  determine  proximate  causes  of  death  when  little 
forensic evidence remains (Ratz et al. 1999); however, links between nutrition, stress, 
parasitism  and  predation  are  well-known  among  domestic  stock,  and  likely  to  be 
common in wildlife populations. Experimental research has explicitly demonstrated 
such links for some species (Alzaga et al. 2008, Ives and Murray 1997), and mitigation 
measures  against  these  predisposing  factors  can  lead  to  improved  survival  of  wild 
animals  (Armstrong  et al.  2007,  Pedersen  and  Greives  2008).  Some  measures  that 
could be trialled experimentally are detailed in Sections 8.2 and 8.3. 
Overall  predation  pressure  at  the  translocation  sites  in  the  presence  of  other 
contributory factors such as stress, parasitism, poor nutrition and possible competition Chapter 8 – General discussion   
  350 
was so high that many translocated P. occidentalis were unable to survive for long 
enough  in  their  new  environments  to  reproduce,  let  alone  increase  in  numbers. 
Maintenance  of  high  predator  numbers  at  the  translocation  sites  could  be  due  to 
sizeable populations of alternative prey such as T. vulpecula, waterbirds, rabbits and 
mice. Generalist predators, including foxes, cats, raptors and pythons, are more likely 
than specialist predators to suppress populations of endangered prey because they are 
able to maintain their own numbers on alternative prey sources whilst consuming the 
endangered species when the opportunity arises (Dickman 1996, Lundie-Jenkins et al. 
1993, Pech et al. 1995, Sinclair et al. 1998, Smith and Quin 1996). Analogous to the 
situation described in Roemer (2001) for the Californian island fox, predator numbers 
at the translocation sites may be being maintained by abundant alternative prey; while 
populations of translocated P. occidentalis, being predator-naïve and easy to catch, are 
driven to unsustainably low levels by predation.  
The population decline of P. occidentalis at Leschenault Peninsula during 1998-2002 
may have been due to prey switching, following a decline in rabbit numbers, by the 
suite  of  generalist  predators  present.  The  excess  of  native  predators  may  have 
declined  now  that  rabbit  (and  P. occidentalis)  numbers  have  been  low  for  several 
years. If this is the case, and if exotic predators can be eradicated from the site or 
reduced  to  very  low  densities,  further  translocations  of  sufficient  numbers  of 
P. occidentalis might result in the re-establishment of a sustainable population.  
If  the  mortality  rate  due  to  predation  is  higher  than  the  reproductive  rate  of  a 
translocated species, then a population cannot establish (McCallum et al. 1995). This 
seems to have been the case at Leschenault Peninsula for translocations carried out 
since  2004.  If  so,  it  is  necessary  to  control  predators  to  a  low  enough  level  that 
reproduction  and  survival  of  offspring  can  outweigh  mortality  rates.  Provision  of 
refuges or habitat enhancement, if practical, may also improve survival. The higher 
survival and persistence of P. occidentalis at the Yalgorup sites may be as much due to 
greater availability of refuges as to lower predation. There are larger continuous areas 
of canopy connectivity at Martin’s Tank and Preston Beach Road than at Leschenault 
Peninsula,  and  grass  trees  are  also  present.  Installation  of  nest  boxes  to  increase 
refuge availability for translocated P. occidentalis was trialled at Leschenault Peninsula Chapter 8 – General discussion   
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(Moore 2007, Moore et al. in press), but sample sizes of P. occidentalis were too small 
to determine the value of this management strategy. Further nest box experiments are 
recommended.  
It  is  important  to  translocate  sufficient  individuals  to  maintain  an  established 
population density above the threshold at which predation pressure will drive it to 
extinction or to an unsustainably low level (Gascoigne and Lipcius 2004, Sinclair et al. 
1998). Chances of translocation success for a given number of P. occidentalis will be 
greatly  enhanced  if  predator  numbers  are  controlled  such  that  the  translocated 
species can maintain a sufficiently large population size that density-dependent effects 
do  not  become  limiting  (Pech  et  al.  1995).  However,  the  carrying  capacity  of  the 
habitat for P. occidentalis will be limited by factors such as food quality, numbers of 
rest sites and competition with other hollow-dwelling or foliage-eating species. If a 
high  density  population  is  unsustainable  due  to  limited  carrying  capacity,  and  low 
densities are unsustainable due to predation pressure and other Allee effects (Chapter 
1), then the reintroduction is doomed to fail. Complete exclusion of feral predators 
and habitat enhancement may both be essential for establishment and persistence of 
translocated P. occidentalis populations (Sections 8.2 and 8.3).  
8.1.3 Survivorship  
Post-release survivorship of translocated animals is influenced by many factors; both 
intrinsic  qualities  of  the  animal  (age,  sex,  origin,  health,  personality)  and  extrinsic 
characteristics  of  the  new  environment  in  which  it  finds  itself  (food,  shelter, 
competition,  predation,  terrain  and  climate).  Limited  quantity  and/or  quality  of 
extrinsic factors such as nutrients and shelter can result in increased susceptibility to 
predation;  while  particular  qualities  of  the  individual  such  as  health  status  and 
personality can affect its predisposition to stress and its ability to cope with change. 
Competition  for  food  and  territory  with  conspecifics  or  other niche  occupants  can 
exacerbate the effects of stress, reduce food intake and force animals into unsuitable 
habitat; thus increasing the likelihood of death due to starvation, hypo/hyperthermia 
or  predation.  All  of  these  factors  were  likely  to  have  affected  survivorship  of 
translocated P. occidentalis in this study, and the relative influences of those for which Chapter 8 – General discussion   
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data were available were investigated using a modelling approach (Chapter 5). The 
results  obtained  suggest  complex  interactions  between  health,  predation,  habitat 
quality  and  inter-specific  competition  influence  translocation  outcomes  for 
P. occidentalis. These are discussed further below.  
a) Predator naïveté, competition and health  
Like  most  Australian  marsupials  (Banks  and  Dickman  2007,  Blumstein  et  al.  2004), 
P. occidentalis are poorly adapted to recognise and escape from introduced eutherian 
predators, such as the fox and cat. Unless sufficient refuge habitat is available, this 
predator  naïveté  predisposes  them  to  high  levels  of  predation  when  introduced 
carnivore  species  are  present.  When  foxes  or  cats  are  present,  extensive  canopy 
connectivity  is  essential  for  the  arboreal  P. occidentalis,  to  eliminate  the  need  for 
possums to come to ground whilst travelling between foraging locations. If the amount 
of  suitably  densely  vegetated  habitat  is  limited,  then  competition  between 
translocated  possums  and  animals  already  resident  at  the  release  site  may  drive 
newly-released  individuals  into  areas  where  vegetation  connectivity  is  lower  and, 
consequently, the risk of predation is heightened.  
Survivorship  modelling  showed  that  numbers  of  T. vulpecula  present  at  the 
translocation  site  was  more  strongly  associated  with  survivorship  of  newly 
translocated P. occidentalis than all other covariates included in the model set, except 
for pre-release white cell count (WBC). This negative relationship between T. vulpecula 
numbers and P. occidentalis survivorship supports the hypothesis that competition for 
food, rest sites and/or territory with T. vulpecula affects translocation success. Both 
species eat foliage and use tree hollows as den sites. Pseudocheirus occidentalis  are 
more specialised in their dietary requirements than are T. vulpecula (Hume 2004) and 
thus  more  likely  to  suffer  if  foliage  quality  or  availability  is  limited.  Although 
P. occidentalis build dreys and utilise a variety of rest site types, tree hollows and grass 
tree  thatch  provide  better  insulation  than  dreys  or  forks  (Driscoll  2000),  and  are 
important to the species when temperatures are extreme (hot or cold). Reports of the 
larger  T. vulpecula  evicting  the  smaller  P. occidentalis  from  tree  hollows  (How  and 
Hillcox 2000, Wayne 2005), and the observation that P. occidentalis frequently choose Chapter 8 – General discussion   
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hollows  with  entrance diameters  too  small  for  T. vulpecula  (personal observations) 
may also support the proposition that  inter-specific competition disadvantages the 
smaller possum species.  
Numbers of T. vulpecula have increased over past years at the 1080-baited sites (de 
Tores et al. 2004, Lynch 1996) and, during the period of this study, were lowest at the 
unbaited site, Martin’s Tank  (Nowicki 2007), where P. occidentalis survivorship was 
highest. Trichosurus vulpecula  populations are known to respond positively to fox 
control in other parts of WA (Kinnear et al. 2002) and may be reacting similarly at the 
1080- baited sites used in this study. If so, the evidence suggests fox control may be 
more directly beneficial to T. vulpecula than P. occidentalis. Pseudocheirus occidentalis  
are most likely to benefit from fox control in locations where mid-storey vegetation 
connectivity is low and the possums are more likely to travel on the ground at night 
(Jones et al. 2004). At sites where vegetation density is sufficiently high to enable 
P. occidentalis  to  stay  off  the  ground  whilst travelling,  fox  control  may  be  of  little 
benefit  to  P. occidentalis  and  may  even  have  a  negative  effect  due  to  increased 
numbers of potential competitors (T. vulpecula) and mesopredator release of exotic 
and native predators (cats and pythons).  
Survivorship modelling also indicated that survivorship of translocated P. occidentalis 
was influenced by pre-release WBC (Chapter 5). The WBC effect was shown to be a 
function  of  lymphocyte  counts  in  particular,  with  survivorship  decreasing  as  pre-
release WBC increased. This outcome is suggestive of an intrinsic component to the 
survival  probability  of  individual  animals.  This  relationship  between  WBC  and 
survivorship  could  be  either:  i)  a  direct  reflection  of  health  status  (subclinical 
inflammatory  process  or  infection),  or  ii)  an  indirect  manifestation  of  unsuitable 
temperament/personality (Cavigelli 2005, Koolhaas et al. 1999) (Chapters 1 and 5). 
Either  mechanism  could  interact  synergistically with  T. vulpecula  population  size  to 
affect P. occidentalis survivorship.  
There was no obvious correlation between total lymphocyte counts and the numbers 
of large/reactive lymphocytes observed in peripheral blood smears, which might have 
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quality of blood smears was variable and the analysis was done using slides stored for 
many  months  prior  to  staining,  so  differentiating  between  lymphocyte  types  was 
difficult.  This  possibility  therefore  requires  further  investigation.  If  P. occidentalis 
health is indeed affected by some yet to be identified pathogenic process, then those 
individuals suffering from subclinical illness may be less able to cope with the energetic 
demands of competing with T. vulpecula for territories and food, and may also be 
more susceptible to the effects of stress on health and predator avoidance behaviour. 
Their survivorship is therefore likely to be particularly compromised in sites where 
T. vulpecula numbers are high.  
The notion that innate individual personality differences may play a crucial role in 
translocation  success  has  only  been  specifically  addressed  in the  literature on  one 
occasion  that  I  am  aware  of  (Bremner-Harrison  et  al.  2004).  These  authors  found 
survivorship of swift foxes classified as “bold” to be lower than that of their less bold 
conspecifics; however, health parameters were not included in their study. Although 
no  data  on  behaviour  or  personality  traits  were  collected  in  my  study,  consistent 
individual differences in the reactions of P. occidentalis to presence of humans at night 
and  in  their  behaviour  when  released  from  holding  bags  were  observed  (personal 
observations; P. de Tores, personal communication).  
Research outside the translocation context has shown that, within species, animals 
with  different  “coping  styles”  or  “personality  types”  show  differing  lymphocyte 
responses to immune stimulation (Hessing et al. 1995), react differently to stressful 
situations (Cavigelli 2005, Ellenberg et al. 2009, Koolhaas et al. 1999, Koolhaas 2008), 
and  may  have  differing  metabolic  rates  (Careau  et  al.  2008).  The  various  sets  of 
behavioural traits that combine to produce a particular coping style also influence the 
immune system, via distinct neuroendocrine pathways (Koolhaas et al. 1999, Koolhaas 
2008) (Chapter 1).  
Coping  styles  can  be  classified  as  proactive/aggressive  or  reactive/non-aggressive 
(Koolhaas et al. 1999). An animal with the former style tends to actively avoid fear-
inducing situations, while the latter type is more passive and flexible in its response. 
Proactively coping animals produce higher levels of catecholamines (adrenaline and Chapter 8 – General discussion   
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noradrenaline) under stress than reactively coping individuals; conversely, reactive-
type individuals tend to have higher baseline corticosteroid levels and produce higher 
initial amounts of corticosteroids, rather than catecholamines, in response to stressors 
(Koolhaas et al. 1999, Koolhaas 2008).  
Although  proactively-coping  animals  initially  show  a  catecholamine-dominated 
response to a new stressor, it has been shown that if the coping style of a proactive-
type  individual  does  not  work  in  a  particular  situation,  this  type  of  animal  may 
subsequently develop a higher corticosteroid response than does the reactive-type 
individual  in  the  same  situation.  The  secondary  corticosteroid  response  of  the 
proactive individual appears to be due to an emotional reaction of this type of animal 
to its inability to cope with the particular situation; this emotional component of the 
reaction to stress forms a “second dimension” to the overall coping process (Koolhaas 
2008,  Van  Reenen  et  al.  2005).    The  secondary  corticosteroid-dominated  reaction, 
which is situation-specific, may be the reason behind the finding that reactive-type 
animals  often  do  better  in  unpredictable  or  novel  situations  than  their  proactive 
conspecifics (Koolhaas et al. 1999, Quinn and Cresswell 2005).  
The  observed  relationship  between  lymphocyte  counts  and  survivorship  for 
P. occidentalis in my study could reflect individual differences in coping styles of these 
possums to the stresses of translocation into an unfamiliar environment. Individuals of 
the  proactively-coping  type  could  be  expected  to  have  higher  lymphocyte  counts 
during  pre-release  health  screening  as  a  result  of  catecholamine  production  in 
response  to  the  stress  of  capture  and  handling;  while  reactive-type  animals  were 
perhaps  more  likely  to  have  had  higher  baseline  corticosteroid  levels,  resulting  in 
reduced lymphocyte numbers. Following translocation, however, the proactive-type 
individuals  may  have  been  less  able  to  cope  with  the  new  and  unpredictable 
environment, leading to development of further stress and consequent reduction in 
fitness. These animals may also have been more likely to disperse widely, come to 
ground more often and be therefore more susceptible to predation. Presence of high 
numbers of T. vulpecula at the release site could augment the stress that these animals 
were subject to and further increase their chances of succumbing to illness and/or Chapter 8 – General discussion   
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predation. Further directed reseach is required to provide evidence for or against this 
hypothesis, which at present remains speculative only.  
The  likely  fitness  trade-offs  that  maintain  different  personality  types  within 
populations have been discussed in recent literature (Biro and Stamps 2008, Boon et 
al. 2007, Dingemanse and Réale 2005, Stamps 2007, Wolf et al. 2007). Behavioural 
traits that advantage P. occidentalis at their sites of origin may be less beneficial to the 
same individuals after translocation into a different habitat in which T. vulpecula are 
present. Some method of selecting individuals best-suited to translocation (i.e. those 
of  the  reactive-coping  type)  might  enhance  translocation  success  and  prevent 
unnecessary “wastage” of animals. The proactive-type P. occidentalis might instead be 
more easily assimilated into surrounding familiar areas at their site of origin following 
habitat loss, instead of being subjected to translocation.  
A combination of pre-release personality testing and anti-predator awareness training 
could be useful to determine which animals are most suited for translocation and thus 
maximise  post-release  survivorship.  However,  this  would  entail  keeping  animals  in 
captivity, the stress of which could mask any responses. The process would also be 
expensive  and  logistically  difficult.  A  first  stage  could  be  to  determine  whether 
personality traits do in fact correlate meaningfully with lymphocyte counts, and to 
carry out additional studies to investigate in greater detail the links between WBC, 
survivorship and catecholamine and corticosteroid levels (Section 8.3). Translocation of 
the more proactive-type individuals into sites with the lowest numbers of predators 
and competitors could improve survivorship of these animals, as might a soft-release 
protocol. Ideally all translocation sites should be free of foxes and cats; this being the 
case, then the effects of individual variations in coping style may be less marked and 
survival of all animals improved.  Chapter 8 – General discussion   
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b) Site differences and environmental effects 
The  survivorship  analyses  (Chapter  5)  showed  that  survivorship  of  translocated 
P. occidentalis was slightly greater at the non-baited site, Martin’s Tank, than at the 
two sites where 1080-baiting was carried out for fox control. Whether this was due to 
an effect of the baiting regime or purely to site-specific differences is unclear, as there 
was no replication of non- baited sites. Evidence for site-specific differences in habitat 
quality was found in the haematology results (Section 8.1 and Chapter 3); Martin’s 
Tank also had the highest levels of vegetation connectivity, numerous grass trees and 
fewer T. vulpecula than the other sites. It is likely that a combination of these factors 
(the last of which may be related to the non-baited status of Martin’s Tank) gave the 
P. occidentalis at this site an advantage over those translocated elsewhere.  
Comparison  of  survivorship  of  established  P. occidentalis  with  that  of  resident 
T. vulpecula  showed  reintroduced  P. occidentalis  were  more  susceptible  to  adverse 
effects  of  high  environmental  temperatures  and  low  rainfall  than  were  the  local 
T. vulpecula  (Chapter  5).  Survival  of  P. occidentalis  was  greatest  in  winter  when 
temperatures  were  low  and  rainfall  high,  while  in  summer  their  mortality  rates 
increased. It has been shown experimentally that P. occidentalis are physiologically 
stressed by temperatures above 35°C (Yin 2006), and field observations support this 
finding (Jones et al. 1994b). It is likely that summer conditions at the translocation sites 
are  sub-optimal  for  P. occidentalis,  with  ramifications  for  population  viability.  The 
overall survivorship of T. vulpecula was greater than that of P. occidentalis, suggesting 
that they are better adapted to living in this environment. It is also possible that inter-
specific competition is directly responsible for the low survival rates of established 
P. occidentalis. The unfavourable situation for P. occidentalis is only likely to worsen as 
climate  change  progresses,  which  leads  me  to  question  the  value  of  continued 
P. occidentalis translocations to sites north of the species’ current natural distribution. 
Effort should perhaps be invested instead into choosing suitable sites further south 
and controlling predators at these (Section 8.2).  Chapter 8 – General discussion   
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8.1.4 Habitat use 
a) Dispersal of P. occidentalis and habitat quality 
Radio-telemetry of translocated P. occidentalis showed that many individuals chose to 
disperse over distances of up to several kilometres following release into apparently 
suitable locations at the translocation sites (Chapter 6). Whether this degree of post-
release  movement  was  due  to  individual  personality  differences,  lack  of  suitable 
food/shelter,  stress  and  disorientation,  or  competitive  exclusion  by  resident 
T. vulpecula and/or previously translocated P. occidentalis is unknown. Whatever the 
cause, long-distance dispersal must have involved some time travelling on the ground 
for most animals, as contiguous patches of highly connected vegetation are limited in 
area at all sites. This, along with foreign territory, high numbers of predators, and the 
energetic costs of travel predisposed the possums in question to fox, cat, python and 
raptor predation. Not surprisingly, many such animals did not survive long.  
At Martin’s Tank, the home ranges of P. occidentalis that did establish territories were 
located in gaps between the telemetry fixes obtained from P. occidentalis translocated 
during 2004-05 into the densest areas of peppermint-dominated habitat by P. de Tores 
(unpublished  data)  (Fig  6.4.2).  These  observations  suggest  that  the  highest  quality 
section of this site may already have reached carrying capacity prior to the start of my 
study. The relatively small sizes of all the translocation sites and the restricted areas of 
high-quality habitat (dense peppermint-dominated vegetation) suggest that the overall 
carrying capacities of each site may not be high. If P. occidentalis numbers are limited 
by  carrying  capacity,  then  populations  are  likely  to  be  highly  susceptible  to 
demographic and environmental stochasticity, and risks of extinction due to predation 
and disease will be greater than would be the case for larger populations (Gascoigne 
and  Lipcius  2004,  Lenormand  et  al.  2009).  Any  degree  of  competitive  exclusion  of 
P. occidentalis  from  territory  by  resident  T. vulpecula  can  be  expected  to  further 
reduce the potential carrying capacity of a site for P. occidentalis.  
Quantification of carrying capacity is complex, as many interacting factors are involved. 
These  include  vegetation  structure,  floristic  diversity,  nutrient  quality,  biological Chapter 8 – General discussion   
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characteristics  of  the  species  in  question,  presence  of  competitors  and  predation 
pressure.  Carrying  capacities  for  P. occidentalis  at  the  source  sites  in  and  around 
Busselton are also unknown and observations suggest that many of the remaining 
bocks  of  remnant  vegetation  at  these  sites  are  unable  to  support  current 
P. occidentalis  population  levels  (DEWHA  2009b).  Efforts  to  measure  variations  in 
habitat  variables  should  be  combined  with  precise  monitoring  of  P. occidentalis 
population sizes at both the translocation sites and at sites where P. occidentalis are 
currently extant if the species is to be effectively managed in the future.  
The lack of available information on foliage nutrient quality at the translocation sites, 
as well as a complete paucity of data on the levels of toxic secondary metabolites 
present in peppermint leaves, precludes an informative comparative assessment of 
habitat quality among sites. The limited data available from past studies (Jones et al. 
1994b) showed that during 1992-94 peppermint foliage at Leschenault Peninsula had 
lower  nitrogen  and  potassium  levels  than  that  from  trees  at  the  sites  in  which 
P. occidentalis are currently extant. My haematological findings (Chapter 3) also imply 
that foliage nutrient quality for P. occidentalis may be lower at the translocation sites 
than  in  the  Busselton  region.  Drought  is  another  factor  likely  to  adversely  affect 
nutrient availability and therefore carrying capacity; hot dry summers are becoming 
more frequent, and the effects on peppermint trees appear more pronounced to the 
north of Busselton (personal observations). Together, these observations, along with 
future  climate  change  predictions,  suggest  that  long-term  maintenance  of  viable 
P. occidentalis  populations  at  the  translocation  sites  may  not  be  feasible  without 
ongoing supplementation and/or costly (possibly impractical) habitat enhancement,  
b) Habitat partitioning between P. occidentalis and T. vulpecula  
Although  P. occidentalis  in  the  greater  urban  Busselton  region  mainly  occupy 
peppermint-dominated  habitats  (Jones  et  al.  1994b),  my  data  showed  that  home 
ranges of translocated P. occidentalis included other vegetation strata too, provided 
that vegetation connectivity was high (Chapter 6). Choice of prime territory may have 
been limited due to presence of previously translocated P. occidentalis, but animals 
were capable of surviving in a variety of vegetation assemblages, including Banksia, Chapter 8 – General discussion   
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tuart, melaleuca, marri and jarrah. This is perhaps not surprising, since P. occidentalis 
populations exist naturally in a variety of habitat types including inland jarrah/marri 
forests  (Wayne  et  al.  2005c,  Wayne  et  al.  2006)  and  coastal  Banksia-dominated 
woodlands  (Grimm  in  prep);  however,  it  is  not  known  how  readily  individuals  can 
adjust from one habitat type to another.  
At most sites there was little difference in the choice of vegetation strata between 
P. occidentalis and T. vulpecula (Chapter 6). The one exception was the southern site at 
Leschenault Peninsula where T. vulpecula preferred the tuart-dominated vegetation 
stratum,  while  P. occidentalis  chose  to  occupy  peppermint-dominated  areas.  This 
partitioning of habitat choice may have been as much a function of vegetation density 
as of floristic species, as vegetation connectivity at the tuart-dominated site was low 
(personal observations). At other sites, such as TFNP, coexistence of T. vulpecula and 
P. occidentalis  appears  to  involve  vertical  partitioning  of  habitat  use,  whereby 
T. vulpecula utilise the taller tuart and pine trees while P. occidentalis are found mainly 
within the peppermint canopy which forms a distinct mid-storey at this site (Grimm 
and de Tores 2009).  
The lower numbers of T. vulpecula compared to P. occidentalis found in peppermint-
dominated habitats in other localities has been attributed to limited hollow availability 
within this vegetation type (Jones 1992, Jones et al. 1994b, Jones and Hillcox 1995).  At 
Leschenault Peninsula the availability of disused rabbit warrens enabled T. vulpecula to 
occupy peppermint-dominated areas by denning in burrows. At the other two sites, 
scattered tuart trees within the peppermint-dominated stratum appeared to provide 
sufficient den sites to support sizable T. vulpecula populations. Overall there was little 
T. vulpecula-free  habitat  for  P. occidentalis  to  occupy;  thus  limited  partitioning  of 
habitat in relation to floristic structure was observed. Average percentage home range 
overlap  between  radio-collared  P. occidentalis  and  T. vulpecula  was  25%,  but  true 
levels may have been higher as only a small proportion of T. vulpecula population at 
each  site  was  collared.  Thus  the  potential  for  competition  for  food  and  shelter 
between  P. occidentalis  and  T. vulpecula  at  the  translocation  sites  exists  and  its 
influence on translocation success may be considerable. In apparent contradiction to 
this, high levels of home range overlap between P. occidentalis and T. vulpecula were Chapter 8 – General discussion   
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observed at TFNP (Grimm and de Tores 2009) where both species naturally coexist 
with little obvious competitive interaction. However, as noted earlier, vertical habitat 
partitioning between the two possum species occurred at TFNP, due to the layered 
vegetation  structure  (tall  tuart  upper-storey  above  a  peppermint  mid-storey),  and 
many T. vulpecula foraged at night in the neighbouring pine forest  (Grimm and de 
Tores 2009). Although tuart and peppermint were both present at the translocation 
sites,  one  or  other  was  usually  dominant  at  the  patch  level,  and  areas  containing 
distinct upper and mid-storey strata were limited in spatial extent. Thus opportunities 
for inter-specific habitat partitioning were less, and both possum species may have 
been competing for the same food resources, as well as for rest sites.  
c) Rest site use and availability  
Translocated  P. occidentalis  utilised  a  variety  of  different  rest  site  types  including 
dreys,  hollows,  grass  trees,  branch  forks,  and  dense  clumps  of  foliage  (witches 
brooms). Proportional use of the different rest site types varied among field sites, 
presumably as a function of availability. Hollows and burrows were the main den sites 
for T. vulpecula; presence of this possum species may have reduced the availability of 
hollows for P. occidentalis.  
In many peppermint-dominated habitats, drey-building by P. occidentalis is common. 
Drey use is highest in locations where tree hollows are scarce (Jones et al. 1994a, Jones 
and  Hillcox  1995);  at  my  sites  the  highest  use  of  dreys  occurred  at  Leschenault 
Peninsula  where  most  radio-collared  P. occidentalis  chose  the  dense  peppermint-
dominated vegetation stratum in which to live. Dreys are considered less suitable than 
hollows or grass trees in hot weather due to the better insulating properties of the 
latter (Driscoll 2000). At the sites where grass trees were common (Martin’s Tank and 
Preston Beach Road), P. occidentalis frequently nested within the upper dense thatch 
of these. As well as providing better temperature buffering than dreys (Driscoll 2000), 
availability of grass trees also helps reduce levels of rest site competition between 
T. vulpecula  and  P. occidentalis  and  may  therefore  lead  to  increased  chances  of 
survival for the latter species. Grass trees require many years without fire to develop 
the thick thatch suitable for nesting P. occidentalis and other species (Swinburn et al. Chapter 8 – General discussion   
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2007). It is thus important that translocation sites in which grass trees are common be 
exempt from regular burns and protected from the risk of wildfires by suitable buffer 
zones.  
Overall the results of my home range and habitat use study provide little evidence to 
suggest that habitat partitioning between P. occidentalis and T. vulpecula plays much 
role  in  enhancing  the  survivorship  prospects  of  the  translocated  species.  Brushtail 
possums  are  common  throughout  each  field  site,  regardless  of  floristics,  and  the 
potential  for  inter-specific  competition  is  high.  However,  the  proposition  that 
competition  does  indeed  limit  translocation  success  for  P. occidentalis  remains 
speculative. The observed relationship between T. vulpecula numbers and survival of 
P. occidentalis may simply reflect niche preference difference between the species. A 
manipulative  experimental  approach,  which  was  beyond the  scope  of my  study,  is 
required to properly address this issue.  
8.1.5 Population densities 
a) Pseudocheirus occidentalis population persistence 
Results of the spotlight surveys carried out in early 2008 demonstrated presence of a 
low density P. occidentalis population at the Lake Pollard end of the Martin’s Tank site, 
and persistence of a similarly sparse P. occidentalis population within the peppermint-
dominated vegetation stratum at Preston Beach Road (Chapter 7). Estimated densities 
of both these populations were lower than those of most populations in the Busselton 
region (Grimm in prep, Jones et al. 1994a) (Fig 7.4.1), although the 1992 results are not 
directly comparable with mine due to the different estimation methods used. Juvenile 
P. occidentalis  were  present  at  both  translocation  sites,  providing  evidence  of 
recruitment  within  these  populations.  I  presume  that  the  P. occidentalis  currently 
present at these two sites derive mainly from reintroductions carried out prior to the 
commencement of my project, i.e. in 2004-05 at Martin’s Tank (de Tores et al. 2005b, 
de Tores 2005) and in 1995-2001 at Preston Beach Road (de Tores et al. 1998, de Tores 
et al. 2004).  Chapter 8 – General discussion   
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My  spotlight  surveys  confirmed  the  observations  of  de  Tores  et  al.  (2004)  that 
P. occidentalis population at Leschenault Peninsula is currently extremely small. I only 
observed  three  different  individual P. occidentalis  over 10  nights  of  survey;  two of 
these  were  collared  members  of  my  study  population.  Although  P. occidentalis 
translocation program at this site appeared successful during 1991-1998 (de Tores et 
al. 1998, de Tores et al. 2004), there has been no recovery from the major decline that 
occurred between 1998 and 2002 (de Tores et al. 2005a, de Tores et al. 2004). The 
exact  cause  of  this  decline  remains  obscure,  but  is  likely  to  have  involved  a 
combination of excessive predation pressure, competition with increasing numbers of 
T. vulpecula and, perhaps, poor habitat quality. It is extremely unlikely that the current 
P. occidentalis population at Leschenault Peninsula is of sufficient size to be viable.  
The surveys that I carried out, along with the results of Nowicki (2007)  and de Tores et 
al.  (2004)  indicate  that  T. vulpecula  numbers  have  increased  in  recent  years  at 
Leschenault Peninsula, and are higher than they were 13 years ago at Preston Beach 
Road (Lynch 1996). It is likely that these increases are due to the fox-control measures 
currently in place at these sites, as the changes followed commencement of 1080-
baiting at each site (de Tores et al. 1998, de Tores et al. 2004). It is possible that the 
existence of greater numbers of T. vulpecula may be sustaining higher exotic predator 
populations  than  previously,  as  well  as  exerting  direct  competitive  pressure  on 
reintroduced P. occidentalis.  
b) Predation and carrying capacity 
The low P. occidentalis population densities observed at Martin’s Tank and Preston 
Beach Road are cause for concern because chances of persistence are much reduced 
for small wildlife populations, due to density-dependent effects, stochastic events and 
predation pressure from generalist carnivores  (Sinclair et al. 1998, Smith and Quin 
1996)(Chapter 1). It is likely that the carrying capacity of these sites is not high due to 
limited availability of dense peppermint-dominated vegetation, possible competition 
with T. vulpecula for food and rest sites and, perhaps, low nutrient quality. The last of 
these urgently needs to be quantified. High temperatures and low summer rainfall 
may provide additional (and increasing) pressure on this species (Yin 2006). If carrying Chapter 8 – General discussion   
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capacity  has  been  reached,  as  the  dispersal  patterns  of  many  of  my  translocated 
P. occidentalis suggest, then the sizes of the populations are likely to be too small for 
them to be secure over the long term. More rigorous control of introduced predators, 
accompanied as necessary by supplementary translocations when stochastic declines 
occur,  may  be  sufficient  to  maintain  viable  P. occidentalis  numbers;  if  so,  regular 
surveys will be necessary to monitor population stability and determine requirements 
for supplementation.  
8.2 MANAGEMENT IMPLICATIONS 
8.2.1 Is translocation viable and, if so, under what conditions? 
As emphasised by many authors, reintroduction of a species is unlikely to be successful 
in the long term unless the causes of the original decline are eliminated or resolved 
(Caughley and Gunn 1996, Fischer and Lindenmayer 2000, Griffith et al. 1989, IUCN 
1998, Kleiman et al. 1994). The two factors most commonly cited as responsible for 
translocation failures are predation and poor habitat quality (Armstrong and Seddon 
2008, Fischer and Lindenmayer 2000). The results of my study indicate that both these 
factors,  especially  predation,  are  still  having  an  adverse  effect  on  translocation 
outcomes  for  P. occidentalis,  and  that  an  additional  constraint  in  the  form  of 
competition with increasing numbers of T. vulpecula may also be affecting population 
dynamics.  In  addition,  the  intrinsic  susceptibility  of  P. occidentalis  to  the  predicted 
effects of climate change, such as increasing temperatures and the deleterious effects 
of CO2 on nutrient quality of foliage  (Kanowski 2001, Lawler et al. 1997), puts the 
species at a disadvantage when translocated to the north of its current range or into 
areas where the nutrient quality of vegetation is already poor.  
The establishment of apparently viable populations of P. occidentalis at Preston Beach 
Road and Martin’s Tank as a result of previous translocations (de Tores et al. 1998, de 
Tores et al. 2004) (Chapter 7), as well as at White Hills Road (de Tores et al. 2008a, de 
Tores et al. 2004) where recruits and road-kills are still regularly observed (P. de Tores, 
personal communication) suggests that translocation of this species can be successful. Chapter 8 – General discussion   
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However, P. occidentalis densities are low at these sites and the populations are likely 
to  be  restricted  in  spatial  extent  to  variably-sized  pockets  of  high-connectivity 
peppermint-dominated  habitat.  This  puts  them  at  risk  of  rapid  decline  if  predator 
numbers increase or habitat is destroyed by fire or other stochastic events.  
Effective predator control (of cats as well as foxes) is essential for establishment and 
persistence of translocated P. occidentalis populations. The present level of control is 
insufficient,  especially  at  Leschenault  Peninsula,  as  shown  by  the  currently 
unsustainable mortality rates due to predation. Complete or near complete exclusion 
of exotic predators may be necessary given the numbers of native predators (pythons, 
raptors), the apparently low quality of habitat, and the presence of T. vulpecula, all of 
which appear to affect the survivorship of translocated P. occidentalis. There are plans 
to trial a new formulation of cat bait at Leschenault Peninsula (P. de Tores, personal 
communication); this bait should also kill foxes, but density of coverage of the site with 
baits  may  need  to  be  substantially  higher  than  at  present,  if  future  P. occidentalis 
translocations are to have any real chance of success. Fencing could also be considered 
(Hayward  and  Kerley  2009,  Moseby  and  Read  2006),  but  would  be  expensive, 
logistically difficult and unpopular with the general public.  
Many studies have found that translocation success is improved if sufficient founder 
animals are released at one time to overcome density-dependent Allee effects and 
initial losses due to predation and stress (Fischer and Lindenmayer 2000, Griffith et al. 
1989, Mawson 2004, McCallum et al. 1995, Morris 2000, Wolf et al. 1996). Larger 
numbers  mean  that  enough  animals  are  likely  to  survive  to  establish  a  breeding 
population. Due to limited and irregular availability of P. occidentalis for translocation, 
I was unable to release many individuals at a time at any of my sites over the two year 
study  period.  This  may  have  been  one  of  the  reasons  that  the  sub-population  of 
P. occidentalis  at the  southern  end of  the Martin’s  Tank  site  failed  to establish,  in 
contrast to the results of translocations in 2004 to the northern end of this site where 
larger numbers of P. occidentalis were released and the population has persisted (P. de 
Tores unpublished data, Fig 6.4.2, Chapter 7); however, subtle differences in habitat 
quality  between  the  two  parts  of  the  site  may  also  have  played  a  role.  All 
translocations to sites in which predators are present can be expected to suffer some Chapter 8 – General discussion   
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level of attrition of the reintroduced population, especially initially. This needs to be 
taken into consideration when implementing such programs and may not be always 
ethically acceptable, especially when the population of origin is itself under threat.  
When translocations  are  carried  out to  augment  reintroduced  populations  (as  was 
essentially the case for the P. occidentalis released in this study, then care should be 
taken  to  minimise  territorial  conflicts  with  resident  animals.  Although,  during  this 
study, each individual was released at a separate location within a general release 
area, these were all relatively close to the release sites used previously (P. de Tores, 
personal communication). It might have been better to have chosen release locations 
more distant from those used in the past, and to have based the choice of sites on 
previous radio-telemetry data so as to reduce territorial conflict. Excessive dispersal of 
translocated P. occidentalis in the future might be able to be reduced by choosing 
release sites further away from those used before. However, this will mean releasing 
animals away from easy access points and possibly also in less suitable habitat, as the 
areas with densest peppermint canopy have already been used. It is also likely that 
offspring from previously translocated P. occidentalis have already colonised the most 
suitable areas. Regular population surveys are an essential component of management 
to determine when, where and if population supplementations should occur.  
Indications are that the nutritional quality of vegetation at the translocation sites may 
be lower than in regions where P. occidentalis are naturally abundant. Whether the 
lower  haematological  values  recorded  post-translocation  are  due  to  low  foliage 
nutrient levels, high toxic secondary metabolite concentrations that limit food intake, 
or limited access to food (due to competition) is unknown. Translocation success could 
potentially be improved by provision of additional rest sites such as nest boxes (which 
require  regular  maintenance  and  replacement  (Lindenmayer  et  al.  2009),  nutrient 
enhancement  of  trees  (difficult),  planting  of  additional  vegetation,  or  irrigation  in 
summer.  All  these  options  would  need  to  be  experimentally  assessed  and  would 
require considerable input of time and money. Given the predictions of climate change 
research, effort might be better spent finding and securing suitable sites further south. 
Furthermore,  existing  populations  of  T. vulpecula  would  probably  thrive  under  the Chapter 8 – General discussion   
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improved  conditions,  thus  increasing  the  opportunity  for  inter-specific  competition 
and defeating the purpose.  
Although direct control of T. vulpecula populations would not be considered ethical 
due to the overall decline of the species in south-western WA (Jones 2004), it might be 
possible to  reduce their  numbers  in  localised  regions  by  habitat  manipulation.  For 
example,  destruction  of  rabbit  warrens  in  the  peppermint-dominated  areas  at 
Leschenault Peninsula could be feasible, and might reduce competition sufficiently for 
P. occidentalis  to  be  re-established  there  (assuming  effective  control  of  exotic 
predators).  However,  choice  of  alternative  translocation  sites  where  T. vulpecula 
numbers are naturally low might be a preferable option, especially if habitat can be 
augmented or enhanced to suit P. occidentalis and predators controlled.  
Given the sensitivity of P. occidentalis to high temperatures and low rainfall and their 
susceptibility  to  predation  and  competition,  translocation  of  displaced  and 
rehabilitated animals to sites further south is likely to be preferable to the current 
regime. However, finding suitable sites where predators can be controlled or excluded 
and where T. vulpecula populations are not too high may prove difficult, especially as 
such sites, if suitable for P. occidentalis, are likely to already contain populations of this 
species. It may be possible to fence some such suitable sites for use as predator-free 
source populations for other translocations, or as safe sites into which rehabilitated 
individuals can be released. These options are worthy of further investigation.  
As  most  translocated  P. occidentalis  ultimately  succumbed  to  predation,  there  is  a 
possibility that pre-release predator aversion training might be of use, especially for 
animals already in captivity. Establishing an effective training program would be slow 
and expensive, and perhaps not possible for possums, but if successful could have 
long-term cost-efficient benefits. Much research has been done on this subject for 
other species (Griffin et al. 2000, McLean et al. 1996, McLean et al. 2000, Shier and 
Owings 2006, van Heezik et al. 1999), but the practicalities of developing methods 
useful for translocation of wild P. occidentalis may be prohibitively costly. However, 
use of “soft” release protocols (nest boxes, food supplementation, and suitable on-site 
pre-release  cages)  could  prove  beneficial,  particularly  for  stress-prone  individuals. Chapter 8 – General discussion   
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Wildlife rehabilitators report some success, at least in the short term, using “soft” 
release methods (U. Wicke, personal communication). These methods may be most 
useful for captive-reared or rehabilitated P. occidentalis that are used to being caged 
rather than displaced wild animals, and it is essential they be coupled with stringent 
control of exotic predators.  
Ultimately, the most efficient use of funds and the best option for the species in its 
current coastal strongholds is to put greater effort into conserving P. occidentalis in its 
natural  environment  (DEWHA  2009d,  Harewood  2008,  Thompson  and  Thompson 
2009). This will entail strict regulation of land development; enhancement of existing 
habitat quality and quantity; a united and coordinated approach among the various 
and often disparate stakeholder groups; and strong community support (Section 8.2.3 
below).  
8.2.2 Deficiencies of this project  
The results of my  survivorship analyses showed that, within the model set tested, 
survivorship  of  translocated  P. occidentalis  was  most  strongly  influenced  by  a 
combination of T. vulpecula population numbers at the release site and pre-release 
WBC (Chapter 5). The model set, however, did not include variables for which data 
were not available even though some of these, such as predator abundance/density 
and foliage nutrient quality, were likely to be of major importance. Thus the relative 
influences of these untested effects compared to those modelled are unknown.  
It is likely that the presence or absence of 1080-baiting for fox control is an adequate 
surrogate for relative abundances of foxes at baited and unbaited sites, however, data 
to validate this expectation was not collected during my study period. Likewise, cat 
abundance  could  be  expected  to  be  highest  at  1080-baited  sites  due  to  the 
phenomenon  of  mesopredator  release  but  again  the  necessary  data  were  not 
collected.  Quantitative  data  on  fox  and  cat  densities  were,  however,  obtained  for 
Leschenault Peninsula and Martin’s Tank in July and September 2008, subsequent to 
the period of my study. Density estimates for both species at each location were low 
on both occasions (<1 fox per 20 km
2 and <1 cat per 6 km
2); however the average Chapter 8 – General discussion   
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estimate for cats was higher at Leschenault Peninsula than at Martin’s Tank (P. de 
Tores, unpublished data), indicative of a possible mesopredator release of this species 
at the baited site. This provides some support for the proposition that presence or 
absence of 1080-baiting for fox control is an adequate surrogate for fox abundance, 
but the timing of the survey was too late to be sure that this was indeed the case 
during the period of my study.  
It  is  therefore  important  for  future  P. occidentalis  translocations  that  concurrent 
monitoring of predator numbers and density is carried out to quantify the effects of 
these  variables  on  the  survivorship  of  introduced  possums.  Recently  developed 
techniques  that  allow  the  genotyping  of  individual  foxes  and  cats  from  amplified 
strands of DNA extracted from hair and scats (Berry and Sarre 2007, Berry et al. 2007, 
de Tores and Berry 2007) could also be used to provide more reliable information on 
predator numbers and identify the individual animals responsible for P. occidentalis 
deaths.  
Haematological and other evidence (home range size, population density) indicated 
that  habitat  quality  may  be  lower  at  the  translocation  sites  than  in  the  Busselton 
region. Reduced nutrient intake by translocated P. occidentalis could be due to foliage 
quality, but could also be influenced by competition. Measurement of foliage nutrient 
levels (particularly nitrogen and phosphorus) and identification and quantification of 
toxic secondary metabolites at the translocation sites would assist in determining the 
importance  of  these  factors  to  establishment  and  persistence  of  reintroduced 
P. occidentalis  populations.  Quantification  of  predator  densities  and  assessment  of 
foliage quality were beyond the scope of my project but would, in an ideal world, have 
been carried out concurrently.  
Other deficiencies of my project have been previously mentioned, namely inadequate 
replication of 1080-baited and non-baited sites, premature failure of radio-collars, and 
the release of too few animals at a time to overcome the deleterious effects of small 
founder population size. It was not possible to separate a baiting effect from a site 
effect in the survivorship analyses, given the lack of replication of non-baited sites. A 
second  non-baited  site  had  been  chosen,  but  logistical  and  time  constraints,  plus Chapter 8 – General discussion   
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availability of too few P. occidentalis for translocation, prevented its inclusion in the 
program. Further well-controlled studies will be required to determine whether fox 
control benefits translocated P. occidentalis populations or not.  
Presence  of  abundant  alternative  prey  may  benefit  both  native  and  introduced 
predators and maintain higher numbers of these species than would otherwise be the 
case. My study did not attempt to identify possible alternative prey species or quantify 
their numbers, although the abundant T. vulpecula does potentially fulfil this role. The 
number of rabbits present at the sites is unknown; rabbits are common prey of both 
foxes and cats when available (Catling 1988, Martin et al. 1996, Risbey et al. 1999, 
Saunders  et  al.  2004)  and  presence  of  rabbits  has  been  associated  with  species 
declines in the past (Morton 1990, Pech et al. 1995). House mice are known to be 
present  at  the  study  sites  but  probably  not  in  high  numbers,  as  are  bandicoots 
(Yalgorup only) and various reptile species (Nowicki 2007). Waterbirds are abundant at 
all three sites, but numbers have not been quantified and their importance in the diet 
of predator species unknown. Assessment of the importance of alternative prey in 
sustaining predators and thus indirectly suppressing P. occidentalis populations would 
be another worthwhile field of future investigation.  
8.2.3 Alternatives to translocation  
Although  establishment  of  reintroduced  populations  of  P. occidentalis  may  be 
worthwhile as a means of extending the species’ overall range and numbers, it is not 
considered  a  valid  mitigation  activity  by  the  Commonwealth  government  for 
justification of land clearing when less destructive alternative options are available 
(DEWHA 2009a, 2009d). As P. occidentalis is a nationally threatened species (DEWHA 
2009a, 2009b, 2009d), management of the species is required to be carried out in 
accordance  with  the  EPBC  Act,  1999.  The  Commonwealth  Department  of  the 
Environment, Heritage, Water and the Arts (DEHWA) has recently published an EPBC 
Act  policy  statement  (3.10)  for  P. occidentalis  (DEWHA  2009a,  2009d)  designed  to 
assist  stakeholders  in  determining  whether  a  proposed  action  is  likely  to  have  a 
significant  impact  on  P. occidentalis  in the  southern  Swan  Coastal Plain.  Significant 
actions include those that adversely affect habitat critical to survival of the species, Chapter 8 – General discussion   
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amongst others  (DEWHA 2009c); thresholds for the amounts of clearing permitted 
without referring the action to the Commonwealth Minister for the Environment are 
provided in (DEWHA 2009d). Proposed development actions that do qualify for referral 
under the EPBC Act must await response from the Commonwealth government before 
any action can take place. However, it is the state government and local councils that 
have to manage the resulting development activities; thus regulation and enforcement 
of  conditions  imposed  on  the  development  under  the  EPBC  Act  is  not  always 
straightforward  or  consistent  and  the  overall  process  needs  to  be  clarified  and 
streamlined. Translocation also may not be the most efficient use of financial and 
other resources. 
Preparation  of  a  national  recovery  plan  for  P. occidentalis  is  supposedly  underway 
(Burbidge  and  de  Tores  1998,  DEWHA  2009d);  in  the  meantime  state-wide 
management is planned and coordinated by the Western Ringtail Possum Recovery 
Team  (Burbidge  and  de  Tores  1998,  de  Tores  et  al.  1995).  This  team  includes 
representatives  from  DEWHA,  DEC,  the  Busselton  Shire  Council,  environmental 
consultancies, Murdoch University and the wildlife rehabilitator community (Williams 
2002). Unfortunately, the team has met only rarely since its inception (the last two 
meetings were in late 2002 and Nov 2007), has been described as dysfunctional and 
operates  well  below  best  practice  (DEC  scientists,  personal  communications).  As  a 
result the recovery plan for the species remains unprepared, and management of land 
development  and  habitat  protection  occurs  in  a  somewhat  haphazard  and 
uncoordinated  fashion.  The  recent  EPBC  Act  policy  statement  (DEWHA  2009d)  will 
hopefully  stimulate  further  action  by  P. occidentalis  Recovery  Team  so  that  future 
regulation of impact on the species can be carried out in a manner that is of benefit to 
the species and clearly articulated to all interested parties.  
Recovery of P. occidentalis populations to a level that enables the species to be de-
listed from the IUCN Red list of threatened species (IUCN 2009) may not be easy, given 
the present human demand for land development, ongoing forestry activities, and the 
predicted  effects  from  climate  change.  However,  there  are  a  number  of  feasible 
management  actions  that  may  reduce  the  likelihood  of  further  species  decline  in 
coastal regions. At the top of the list is strictly enforced regulation of land clearing, Chapter 8 – General discussion   
  372 
along with possum-friendly land development. Much effort by state and local agencies 
has gone into this in the past, and will need to continue to do so in a more coordinated 
fashion. Land developers are more aware than they once were of the need to include 
P. occidentalis in their proposals and development activities; this awareness needs to 
be translated into common practice. Therefore, regulatory agencies must clearly spell 
out the specific obligations of the land development industry to incorporate protection 
of  P. occidentalis  into  their  activities,  and  effectively  manage  the  process  as 
developments proceed.  
Preservation of P. occidentalis in its natural environment should be paramount, and 
measures to enhance the quality and spatial extent of suitable habitat need to be 
carried out in a coordinated fashion. This involves a willing cooperation between all 
relevant stakeholders, including land managers at state and local council level, land 
owners and land development agencies, and the community at large, to ensure that 
habitat considered of conservation value for P. occidentalis in southern Swan Coastal 
Plain will be protected from the threat of urban development.  
However, if significant habitat loss/destruction is to be accepted as a consequence of 
development approval, then translocation of P. occidentalis may be a better option 
than forcing resident animals to disperse into neighbouring habitat. The effects of the 
latter (passive) course of action on the displaced possums, or on the P. occidentalis 
into  whose  territories  displaced  animals  move,  have  not  been  quantified  to  date. 
Experimental assessments are required so that an informed choice between these two 
courses of action can be made in situations when land-clearing cannot be avoided. 
Similarly, releases of P. occidentalis that have been in the care of wildlife rehabilitators 
need to be better managed to ensure that animals are effectively monitored after 
return to the wild.  
In  addition  to  regulation  of  land  development,  further  effort  must  be  put  into 
protection and enhancement of existing habitat. Again, steps towards this are already 
underway within state and local government and community groups. Additional land 
reserves could be created, areas could be fenced to exclude predators, nest boxes 
could be introduced into some sites, increased numbers of peppermint trees could be Chapter 8 – General discussion   
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planted, and established trees could be watered. Registration of cats, as well as dogs, 
should be made mandatory, as has already been proposed, and community education 
programs  that  emphasise  the  importance  and  threatened  status  of  P. occidentalis 
expanded.  Enthusiastic  community  support  is  vital  for  generation  of  funds, 
procurement  of  volunteers  and  promotion  of  conservation  measures;  efforts  to 
engender such support should be financially assisted as well as encouraged.  
Maintenance  of  a  functional,  healthy  and  genetically  diverse  population  of 
P. occidentalis requires habitat connectivity between source and sink sub-populations 
so that possums can disperse from high to low quality habitat when conditions are 
good, and retreat back to core areas when conditions worsen. Surveys are presently 
underway  to  determine  variations  in  abundance  of  P. occidentalis  across  their 
distribution on the Swan Coastal Plain (Dunsborough to Bunbury) to define locations of 
core  habitat  in  which  source  populations  exist,  to  determine  locations  of  existing 
corridors and to identify where new corridors should ideally be positioned (DEWHA 
2006).  Such  information  is  crucial  to  the  future  management  of  the  species  at  a 
population level. In addition, it is important to carry out regular well-designed surveys 
at  strategic  locations  so  that  seasonal  and  inter-annual  variations  in  population 
dynamics can be understood and changes in habitat quality detected.  
Effective integration of science and management will help maximise the chance of a 
positive  future  for  P. occidentalis.  Managers  need  to  learn  from  the  outcomes  of 
scientific investigation, and scientists cannot make useful changes without the support 
and assistance of management. Frank and sympathetic exchange of ideas between 
these  facets  of  government  and  industry  will  prevent  reinvention  of  wheels  and 
repetition of mistakes, as well as having constructive potential. Management actions 
should be carried out with an underlying experimental approach, allowing hypotheses 
to  be  tested,  knowledge  to  be  gained  and  an  adaptive  approach  to  further 
management  actions  to  be  taken.  Examples  of  some  such  potential  activities  are 
outlined below.  Chapter 8 – General discussion   
  374 
8.3 RECOMMENDATIONS FOR FURTHER RESEARCH 
8.3.1  Adaptive  management  and  experimental  approaches  to 
translocation 
Adaptive  management  incorporates  an  experimental  approach  into  conservation 
action (Armstrong et al. 1994, Armstrong et al. 2007, Salafsky et al. 2001, Soderquist 
1994,  Soderquist  and  Serena  1994,  Walters  1986,  Walters  and  Holling  1990). 
Assumptions are systematically tested and outcomes monitored, so that future actions 
can  be  modified  and  information  gained  from  the  process.  The  first  step  is  to 
determine a purpose; the second to develop an explicit hypothetical model or set of 
models that describe the system. Next, these are tested through specific experiments 
or collection of particular observational data. Results are then analyzed, transformed 
into learning, and translated into further actions and plans to test other questions or 
the same question in a different manner. The process is iterative and progress may 
often be slow. However, if the purpose is clear, the steps logical, and targets defined, 
then  the  outcomes  of  each  step  will  provide  useful  information  and  point  to  the 
direction forward (Salafsky et al. 2001). The cost-effectiveness of the process can be 
further  improved  by  using  the  information  gathered  from  previous  studies  in  a 
Bayesian approach to data analysis  (Ellison 1996, 2004, Howson and Urbach 1991, 
McCarthy and Masters 2005).  
The principles of adaptive management apply both to management of P. occidentalis 
in its natural environment and to the conduct of translocation programs. Most of the 
work described in this thesis was carried out in an experimental manner, either as 
exploratory experiments or in a hypothesis-testing framework. The results described in 
Chapters  3-7  provide  the  basis  for  the  design  of  further  investigations  that  could 
warrant  consideration  by  P. occidentalis  Recovery  Team  in  the  context  of  adaptive 
management and would also be suitable for Bayesian inference, if this approach was to 
be adopted (Ellison 1996, McCarthy and Masters 2005). Some suggestions for future 
investigations are outlined below.  Chapter 8 – General discussion   
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Experiments could be carried out to determine whether or not translocation success 
can  be  improved  through  use  of  particular  management  actions.  For  example, 
survivorship of P. occidentalis treated with ivermectin to minimise parasite burdens 
could be compared with that of control groups that remain untreated. Concurrent 
measurements of body condition and quantification of faecal parasite numbers before 
and  after  translocation  would  help  interpret  the  survivorship  data.  Another 
experiment could compare the results of “soft” release and “hard” release protocols, 
by providing some individuals with temporary enclosures containing food and shelter 
at  the  release  sites  and  releasing  others  directly  into  the  new  environment. 
Alternatively,  the  value  of  keeping  animals  in  captivity  for  a  period  prior  to 
translocation and feeding them ad lib with a nutritious diet to increase their body 
condition  could  be  assessed  by  comparison  with  others  translocated  without  this 
treatment. Pre-release anti-predator training of captive P. occidentalis could also be 
trialled in an experimental manner (Griffin et al. 2000, McLean et al. 2000, Shier and 
Owings 2006, van Heezik et al. 1999). All the above experiments would necessitate 
radio-collaring the animals involved so that their post-release survival could be closely 
monitored. Other costs would also be involved; these would need to be weighed up 
against  the  potential  benefits  to  the  species,  the  environment  and  the  human 
community.  
Other experiments could be carried out to optimise translocation protocols in terms of 
timing  of  release  (summer-autumn  versus  winter-spring),  numbers  released  per 
occasion, frequency of releases, and spatial distribution of released individuals. Due to 
the  variety  of  factors  influencing  survivorship,  and  the  variability  in  environmental 
conditions over time, clear-cut answers to such questions may be difficult to obtain 
and  experiments  would  have  to  be  carefully  planned  to  minimise  confounding 
influences.  Availability  of  enough  individuals  for  such  experimental  translocations 
could  also  be  problematic  unless  a  captive  breeding  facility  was  to  be  established 
(expensive), large numbers of animals displaced from natural habitats (undesirable), or 
sufficient animals available following rehabilitation.  Obtaining animals from the latter 
source  would  require  full  support  and  cooperation  from  the  wildlife  rehabilitator Chapter 8 – General discussion   
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community (currently not the case) or tightening and enforcement of regulations on 
the release of threatened species by accredited personnel.  
Further investigations into the relationship between pre-release WBC and survivorship 
of translocated P. occidentalis are warranted to determine the mechanism underlying 
this  association.  For  example,  the  presence  of  subclinical  infection  or  low  level 
inflammatory processes in the possums that died soonest after release may explain 
the observed relationship. Examination of blood smears by expert haematologists for 
evidence  of  reactive  lymphocytes,  and  correlation  of  this  information  with 
survivorship, body condition, necropsy results and other haematological and clinical 
data are required to better understand how health parameters of P. occidentalis affect 
their translocation success.  
Experimental research aimed at improving our understanding of factors influencing the 
suitability of individual P. occidentalis for translocation would be beneficial, but is likely 
to be difficult to accomplish in field situations. It is probable that individual behavioural 
traits  or  “personality”  affect  the  ability  of  animals  to  cope  with  the  stresses  of 
relocation into unfamiliar environments, but these are not easy to assess outside of 
captivity. Methods of assessing the likely coping style (Koolhaas et al. 1999, Koolhaas 
2008,  Van  Reenen  et  al.  2005)  of  captive  P. occidentalis  could  be  developed  and 
correlated with endocrine measures of reactivity to stress (adrenaline, cortisol, WBC) 
in  relation  to  particular  stimuli.  At  intervals  after  translocation  further  cortisol 
measurements  and  haematological  data  could  be  collected  to  compare  with  pre-
translocation  levels  and  assess  the  rate  at  which  individuals  adjust  to  their  new 
surroundings  (Franceschini  et  al.  2008,  Keay  et  al.  2006,  Palme  2005).  Such 
experiments  would  require  animals  that  were  used  to  being  in  captivity  so  that 
baseline data could be obtained; moreover, the effects of stresses associated with re-
capture  post-translocation  could  be  confounding.  Interpretation  of  corticosteroid 
measurements can also be difficult (Bonier et al. 2009, Lane 2006, Linklater et al. 2009, 
Touma and Palme 2005). However, the variation in survival rates of animals showing 
different  pre-translocation  coping  styles  alone  might  provide  useful  information, 
alleviating the need for invasive post-translocation sample collection.  Chapter 8 – General discussion   
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The  outcomes  of  translocations  carried  out  in  2006-07  were  on  the  whole  poor. 
However, there is no quantitative scientific information from which to judge whether 
the  survivorship  of  displaced  P. occidentalis  that  are  forced  to  disperse  into 
neighbouring areas following habitat removal is any better than that of translocated 
animals.  It  is  possible  that  ensuing  territorial  conflicts  could  result  in  equally  poor 
survivorship  of  displaced  individuals,  or  deleterious  effects  upon  those  whose 
territories are invaded. The consequences of localised habitat destruction on extant 
populations need to be studied in a scientifically rigorous manner similar to that used 
to examine translocation outcomes. For example, as has been previously proposed (P. 
de Tores, personal communication), radio-collared possums both on the designated 
site  and  in  surrounding  territories  could  be  monitored  before  and  after 
commencement of land development activities to investigate changes in home ranges 
and habitat use, and to determine movements and survival of animals on an individual 
basis. Until such work is carried out, the population-scale value of translocation as a 
management procedure in the context of habitat removal, compared to displacement 
of P. occidentalis in situ, remains unclear.  
Many  experimental  research  activities  and  associated  adaptive  management 
procedures  are  equally  applicable  to  both  naturally  occurring  and  translocated 
P. occidentalis populations. For example, the effects of complete predator exclusion on 
P. occidentalis  survival  and  fecundity  could  be  compared  with  current  levels  of 
predator control (or lack of), by creating fenced predator-free reserves within various 
field sites and monitoring P. occidentalis both inside and outside of the enclosures. 
Alternatively, predator numbers could be surveyed at a variety of sites in relation to 
P. occidentalis population densities and habitat variables to quantitatively assess the 
degree  of  predator  pressure  that  P. occidentalis  populations  can  withstand  under 
particular  environmental  conditions.  Some  form  of  quantitative  assessment  of  the 
effects  of  predator  numbers/density  (by  species)  on  P. occidentalis  survival  and 
reproduction is essential for effective management of these possums, both at sites 
within the species current natural range and at the translocation sites.  
Effects  of  competition with  T. vulpecula  on P. occidentalis  demographic  parameters 
and health indices could be assessed experimentally by means of small-scale exclusion Chapter 8 – General discussion   
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experiments. These could take place at any site where T. vulpecula and P. occidentalis 
co-exist and where it is feasible to limit occupation of particular areas by T. vulpecula, 
for example by trapping and removal or, as previously suggested, by rabbit warren 
destruction  in  parts  of  peppermint-dominated  sites  (e.g.  Leschenault  Peninsula). 
Alternatively, demographic parameters of P. occidentalis could be compared between 
groups  of  animals  living  in  sites  with  varying  T. vulpecula  population  densities. 
Although simpler, the latter strategy is more likely to be affected by uncontrollable 
confounding variables inherent to the sites in question, such as nutrient quality and 
vegetation type.  
Observational  experiments  are  also  warranted  in  order  to  better  understand  the 
capacity of P. occidentalis to coexist with T. vulpecula, and to establish the factors that 
either enable or prevent compatible cohabitation at a particular location. Although my 
study and that carried out by Grimm (in prep) looked at habitat preference in terms of 
the  percentages  of  home  ranges  found  within  particular  vegetation  strata  for 
individuals of each possum species, neither study incorporated quantitative measures 
of  the  availability  of  each  vegetation  type  in  relation  to  its  use  at  smaller  scales. 
Research could be carried out to investigate which habitat attributes are attractive to 
P. occidentalis  but  unappealing  to  T. vulpecula;  these  could  then  be  preferentially 
preserved within the natural range of P. occidentalis and perhaps artificially enhanced 
at some sites.  
Habitat enhancement is a broad term with many possible facets, several of which are 
currently being addressed by community groups in the Busselton region, such as the 
Western Ringtail Action Group (WRAG) and the Dunsborough Coast and Land Care 
Group (DCALC), as well as the Busselton Shire Council and the Geographe Catchment 
Council (Geocatch). Peppermint seedlings are regularly planted in available locations, 
and large peppermint trees are also installed at times. It would be possible to assess 
the effects of various forms of habitat enhancement in an experimental manner by 
applying such improvements to suitably sized plots within regions of P. occidentalis 
habitat and comparing attributes of the possum population within these areas (such as 
density,  offspring  production, home  range  size etc)  against those  in non-enhanced 
neighbouring patches. Habitat enhancement activities could include watering of trees, Chapter 8 – General discussion   
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provision of additional nutrients to soils, increasing understorey density, and planting 
of other native plants or trees that P. occidentalis like to eat (such as Acacia saligna, 
Hardenbergia  comptoniana  and  Melaleuca  species).  Community-based  research  is 
currently  underway  to  determine  some  of  the  dietary  preferences  of  semi-urban 
P. occidentalis in the Dunsborough region (R. Glencross
21, personal communication). 
Similar experimental approaches to habitat enhancement could be carried out  within 
the translocation sites.  
A final subject that deserves experimen tal investigation is that of nest box use by  
P. occidentalis. Several observational studies have been carried out to determine the 
styles of nest box preferred by (or at least acceptable to) P. occidentalis at various 
locations within the Busselton-Dunsborough region, as well as in captivity (U. Wicke, R. 
Glencross  personal  communications).  It  is  likely  that  nest  box  use  will  depend  on 
availability of alternative rest sites as well as on possum densities; ideally factors such 
as  these  should  be  included  in  future  studies.  Low  rates  of  nest  box  use  by 
P. occidentalis  were  demonstrated  at  the  Leschenault  Peninsula  translocation  site 
(Moore 2007, Moore et al. in press, personal observations); however, P. occidentalis 
were scarce at this site and therefore the chances of box occupation were minimal. 
Further such studies are warranted at locations where T. vulpecula are present, as well 
as at sites where they are absent.  
All  experimental  work  needs  to  be  skilfully  and  efficiently  coordinated,  and  data 
records must be well-maintained. Analyses should be carried out in a timely manner so 
that  feedback  can  be  provided  and  the  direction  of  further  management  actions 
determined on the basis of the outcomes.  
8.3.2 Other recommendations  
Recovery of P. occidentalis populations to a level that would allow the species to be 
removed  from  the  threatened  species  list  requires  quantitative  knowledge  of 
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population  densities  and  reproductive  potential.  This  in  turn  necessitates  regular 
population surveys using reliable repeatable methods. Ideally several monitoring sites 
should  be  set  up  across  the  range  of  P. occidentalis,  taking  in  a  variety  of 
representative  habitat  types  and  population  densities.  These  should  be  regularly 
monitored using quantitative methods such as distance sampling (Buckland et al. 2001, 
2004) to determine the variations in population density over space and time and to 
obtain ancillary data on recruitment. Even two or three such strategically placed sites 
would  provide  valuable  information  with  which  to  assess  the  effects  of  other 
management activities and estimate population trends. Similar surveys should also be 
carried  out  in  the  translocation  sites  at  1-2  year  intervals  to  monitor  population 
changes there. The difficulties of detecting significant population trends when natural 
inter-annual variability is high are discussed in Chapter 7; long time series of data are 
needed for reliable assertions and predictions to be made.  
Predicted population trends of threatened species can also be modelled from survival 
and fecundity data  (Bertolero et al. 2007, Lindenmayer et al. 1993, Southgate and 
Possingham 1995). Population viability analysis (PVA) requires considerable knowledge 
of demographic parameters, preferably at an age-specific level (Lacy 1993, Possingham 
et  al.  1993).  There  is  no  detailed  information  on  age-specific  survival  rates  or 
reproductive rates available for naturally-occurring P. occidentalis populations. Even 
data on overall adult survival and fecundity is limited, both for naturally-occurring and 
translocated populations (Grimm in prep, Jones et al. 1994a, Wayne 2005, this thesis). 
Collection  of  detailed  long-term  radio-telemetry  and  spotlight  monitoring  data, 
analysed quantitatively using mark-recapture and distance sampling techniques (e.g. 
Progams  MARK  and  Distance),  needs  to  occur  to  provide  better  estimates  of 
demographic parameters at sites of interest if PVA is to be utilised in the future.  
Additional management activities that warrant consideration include investigation into 
the feasibility of translocating P. occidentalis to sites in cooler regions further south, 
improved  regulation  of  land  development  in  the  greater  Busselton  region  and 
increased education of the general public by scientists and managers, as well as by 
community organisations. These have been discussed in detail in Section 8.2. Finally, 
the Western Ringtail Possum Recovery Team needs to be resurrected so that progress Chapter 8 – General discussion   
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can  be  made  on  the  development  of  a  National  Recovery  Plan  for  P. occidentalis 
without further delay. Appendix 1 
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APPENDIX 1 
Dates on which each possum was health-screened, possum details, and parameters screened for 
 
Species  Possum ID  Date 
Screened 
Before or 
After 
Translocation 
Field 
Site 
Age  Sex  Possum 
Origin 
Haemat
ology 
Bioche
mistry 
Urinal
ysis 
Microbi
ology 
Parasito
logy 
Toxopla
smosis 
Leptosp
irosis 
Cryptoc
occosis 
Chlamy
diosis 
P.o  PoF175   16-Jun-06  Before  MT  adult  female  Care  X  X  X  X  X  X  X  X  X 
P.o  PoF175   22-Nov-06  After  MT  adult  female  Care  X  X    X  X  X  X  X  X 
P.o  PoF175   15-Mar-07  After  MT  adult  female  Care    X  X  X  X  X  X  X  X 
P.o  PoF177   29-Nov-05  Before  LP  adult  female  Care  X  X    X    X      X 
P.o  PoF177   30-Aug-06  After  LP  adult  female  Care  X  X    X  X  X  X  X  X 
P.o  PoF178   29-Nov-05  Before  LP  adult  female  Care  X  X    X    X      X 
P.o  PoF179   29-Nov-05  Before  LP  adult  female  Care    X    X    X      X 
P.o  PoF180      LP  adult  female  Develop                   
P.o  PoF181   23-May-06  Before  MT  sub-adult  female  Care  X  X    X  X  X  X  X  X 
P.o  PoF182   23-May-06  Before  LP  adult  female  Care  X  X  X  X  X  X  X  X  X 
P.O  PoF183   23-May-06  Before  MT  adult  female  Care  X  X    X  X  X  X  X  X 
P.O  PoF183   24-Oct-06  After  MT  adult  female  Care  X  X    X  X  X  X  X  X 
P.O  PoF184   30-Aug-06  After  LP  juvenile  female  Recruit  X  X    X  X  X  X    X 
P.o  PoF185   10-Oct-06  Before  LP  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF186   10-Oct-06  Before  LP  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF187   03-Jan-07  After  LP  juvenile  female  Care  X  X  X  X  X  X  X    X 
P.o  PoF188   20-Nov-06  Before  PBR  adult  female  Care  X  X    X  X  X  X  X  X 
P.o  PoF189   20-Nov-06  No_release    adult  female  Care  X  X  X  X  X  X  X  X  X 
P.o  PoF190   28-Nov-06  Before  LP  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF191   28-Nov-06  Before  LP  adult  female  Develop    X  X  X    X  X  X  X 
P.o  PoF192   28-Nov-06  Before  MT  adult  female  Develop  X  X  X  X  X  X  X  X  X Appendix 1 
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Species  Possum ID  Date 
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Before or 
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Bioche
mistry 
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P.o  PoF193   29-Nov-06  Before  MT  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF194   30-Nov-06  Before  PBR  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF195   01-Dec-06  Before  PBR  adult  female  Develop  X  X  X  X    X  X  X  X 
P.o  PoF196   01-Dec-06  No_release    sub-adult  female  Care  X  X    X  X  X  X  X  X 
P.o  PoF197   19-Dec-06  Before  LP  juvenile  female  Care    X    X  X  X      X 
P.o  PoF198   30-May-07  Before  MT  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF199   03-Jul-07  Before  LP  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF200   04-Jul-07  Before  PBR  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF201   04-Jul-07  Before  PBR  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF202   04-Jul-07  Before  PBR  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF203   06-Jul-07  Before  MT  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF203   22-Nov-07  After  MT  adult  female  Develop    X  X  X  X  X  X  X  X 
P.o  PoF204   06-Jul-07  Before  MT  sub-adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF205   06-Jul-07  Before  MT  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF206   08-Jul-07  Before  MT  adult  female  Develop  X  X  X  X  X  X      X 
P.o  PoF206   22-Nov-07  After  MT  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF207   08-Jul-07  Before  MT  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF208   09-Jul-07  Before  LP  adult  female  Develop  X  X    X    X  X  X  X 
P.o  PoF208   24-Nov-07  After  LP  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF209   10-Jul-07  Before  LP  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF210   10-Jul-07  Before  PBR  sub-adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF210   21-Nov-07  After  PBR  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF210   27-Feb-08  After  PBR  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF211   10-Jul-07  Before  LP  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF212   10-Jul-07  Before  LP  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF212   04-Oct-07  After  LP  adult  female  Develop  X  X    X  X  X      X 
P.o  PoF213   14-Jul-07  Before  LP  adult  female  Develop  X  X  X  X  X  X  X  X  X Appendix 1 
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P.o  PoF213   04-Aug-07  Before  LP  adult  female  Care  X  X    X  X  X      X 
P.o  PoF214   14-Jul-07  Before  LP  adult  female  Develop  X  X    X  X  X  X  X  X 
P.o  PoF214   04-Aug-07  Before  LP  adult  female  Care  X  X    X  X  X      X 
P.o  PoF214   28-Feb-08  After  LP  adult  female  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoF215   16-Nov-07  No_release    sub-adult  female  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM113   16-Jun-07  After  MT  adult  male  Care          X         
P.o  PoM119      LP  adult  male  Develop                   
P.o  PoM124   16-Jun-06  Before  MT  adult  male  Care  X  X    X  X  X  X  X  X 
P.o  PoM124   25-Oct-06  After  MT  adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM127   23-May-06  Before  LP  adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM128   22-May-06  Before  MT  sub-adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM128   24-Oct-06  After  MT  sub-adult  male  Care  X  X  X  X  X  X      X 
P.o  PoM129   22-May-06  Before  MT  sub-adult  male  Care  X  X    X  X  X  X  X  X 
P.o  PoM129   25-Oct-06  After  MT  sub-adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM130   23-May-06  Before  LP  sub-adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM131   10-Oct-06  Before  LP  adult  male  Develop  X  X    X  X  X  X  X  X 
P.o  PoM132   10-Oct-06  Before  LP  adult  male  Develop  X  X    X  X  X  X  X  X 
P.o  PoM132   13-Mar-07  After  LP  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM133   20-Nov-06  Before  PBR  sub-adult  male  Care  X  X    X  X  X  X  X  X 
P.o  PoM134   20-Nov-06  Before  PBR  sub-adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM135   20-Nov-06  Before  PBR  sub-adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM136      MT  juvenile  male  Recruit                   
P.o  PoM137   28-Nov-06  Before  LP  juvenile  male  Develop    X  X  X  X  X  X    X 
P.o  PoM138   28-Nov-06  Before  LP  juvenile  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM139   28-Nov-06  Before  LP  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM139   05-Oct-07  After  LP  adult  male  Develop  X  X    X    X  X  X  X 
P.o  PoM140   28-Nov-06  Before  MT  adult  male  Develop  X  X  X  X  X  X  X  X  X Appendix 1 
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P.o  PoM140   11-Apr-07  After  MT  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM140   12-Aug-07  After  MT  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM141   29-Nov-06  Before  MT  juvenile  male  Develop  X  X  X  X  X  X  X    X 
P.o  PoM142   29-Nov-06  No_release    juvenile  male  Develop  X  X  X  X  X  X  X    X 
P.o  PoM143   29-Nov-06  Before  MT  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM144   29-Nov-06  No_release    juvenile  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM145   29-Nov-06  Before  MT  sub-adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM146   30-Nov-06  Before  PBR  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM147      PBR  juvenile  male  Develop                   
P.o  PoM148   01-Dec-06  Before  MT  sub-adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM148   12-May-07  After  MT  sub-adult  male  Care  X  X    X  X  X  X  X  X 
P.o  PoM148   12-Aug-07  After  MT  adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM149   19-Dec-06  Before  MT  adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM150   26-Mar-07  Before  MT  adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM151   03-Apr-07  Before  LP  sub-adult  male  Care  X  X    X  X  X  X  X  X 
P.o  PoM152   03-Apr-07  Before  LP  adult  male  Care  X  X  X  X  X  X  X  X  X 
P.o  PoM153   03-Apr-07  Before  LP  adult  male  Care  X  X    X  X  X  X  X  X 
P.o  PoM154   30-May-07  Before  MT  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM155   04-Jul-07  Before  PBR  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM155   27-Nov-07  After  PBR  adult  male  Develop  X  X    X  X  X  X  X  X 
P.o  PoM155   28-Feb-08  After  PBR  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM156   06-Jul-07  Before  PBR  adult  male  Develop    X  X  X  X  X  X  X  X 
P.o  PoM156   23-Nov-07  After  PBR  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM156   26-Feb-08  After  PBR  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM157   06-Jul-07  Before  MT  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM157   23-Nov-07  After  MT  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM158   08-Jul-07  Before  PBR  adult  male  Develop  X  X  X  X  X  X  X  X  X Appendix 1 
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P.o  PoM159   14-Jul-07  Before  LP  adult  male  Develop  X  X  X  X  X  X  X  X  X 
P.o  PoM159   04-Aug-07  Before  LP  adult  male  Care  X  X    X  X  X      X 
T.v  TvF001   24-Nov-06  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF002   05-Dec-06  After  PBR  adult  female  wild  X  X    X    X  X  X  X 
T.v  TvF003   05-Dec-06  After  PBR  adult  female  wild  X  X    X    X  X  X  X 
T.v  TvF003   28-Mar-07  After  PBR  adult  female  wild          X         
T.v  TvF003   06-May-07  After  PBR  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF003   16-Oct-07  After  PBR  adult  female  wild  X  X    X  X  X      X 
T.v  TvF003   13-Feb-08  After  PBR  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF004   05-Dec-06  After  PBR  adult  female  wild  X  X    X    X  X  X  X 
T.v  TvF005   11-Dec-06  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF006   11-Dec-06  After  MT  sub-adult  female  wild  X  X  X  X    X  X  X  X 
T.v  TvF006   22-Oct-07  After  MT  sub-adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF006   12-Feb-08  After  MT  sub-adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF007   13-Dec-06  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF007   22-Oct-07  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF007   12-Feb-08  After  MT  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF008   18-Dec-06  After  LP  adult  female  wild  X  X    X    X  X    X 
T.v  TvF008   05-Nov-07  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF008   16-Feb-08  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF009   21-Feb-07  After  MT  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF010   21-Feb-07  After  MT  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF011   27-Feb-07  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF011   24-Oct-07  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF012   28-Feb-07  After  MT  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF012   23-Oct-07  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF013   07-Mar-07  After  LP  adult  female  wild  X  X    X  X  X  X  X  X Appendix 1 
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T.v  TvF013   29-Oct-07  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF013   14-Feb-08  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF014   08-Mar-07  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF014   29-Oct-07  After  LP  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF014   14-Feb-08  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF015   13-Mar-07  After  LP  sub-adult  female  wild  X  X    X  X  X    X  X 
T.v  TvF015   05-Nov-07  After  LP  sub-adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF015   15-Feb-08  After  LP  sub-adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF016   13-Mar-07  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF016   05-Nov-07  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF016   15-Feb-08  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF017   28-Mar-07  After  PBR  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF018   28-Mar-07  After  PBR  sub-adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF018   06-May-07  After  PBR  sub-adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF019   06-May-07  After  PBR  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF020   12-May-07  After  PBR  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF021   12-May-07  After  PBR  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF022   21-May-07  After  LP  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF023   21-May-07  After  LP  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF023   31-Oct-07  After  LP  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF024   22-May-07  After  LP  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF025   16-Oct-07  After  PBR  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF026   17-Oct-07  After  PBR  sub-adult  female  wild    X  X  X  X  X      X 
T.v  TvF027   18-Oct-07  After  PBR  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF028   18-Oct-07  After  PBR  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF029   18-Oct-07  After  PBR  juvenile  female  wild          X         
T.v  TvF030   22-Oct-07  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X Appendix 1 
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T.v  TvF031   24-Oct-07  After  MT  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF032   07-Nov-07  After  LP  adult  female  wild    X  X  X  X  X  X  X  X 
T.v  TvF033   07-Nov-07  After  LP  adult  female  wild  X  X  X  X  X  X  X  X  X 
T.v  TvF034   12-Feb-08  After  MT  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvF035   13-Feb-08  After  PBR  adult  female  wild  X  X    X  X  X  X  X  X 
T.v  TvM001   30-Nov-06  After  PBR  juvenile  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM002   01-Dec-06  After  PBR  adult  male  wild  X  X  X  X    X  X    X 
T.v  TvM003   12-Dec-06  After  MT  adult  male  wild  X  X  X  X    X  X  X  X 
T.v  TvM004   12-Dec-06  After  MT  adult  male  wild  X  X  X  X    X  X  X  X 
T.v  TvM004   22-Oct-07  After  MT  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM004   12-Feb-08  After  MT  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM005   18-Dec-06  After  LP  adult  male  wild  X  X  X  X    X  X  X  X 
T.v  TvM005   05-Nov-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM005   15-Feb-08  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM006   21-Feb-07  After  MT  adult  male  wild    X  X  X  X  X  X  X  X 
T.v  TvM007   22-Feb-07  After  MT  juvenile  male  wild  X  X  X  X    X    X  X 
T.v  TvM008   22-Feb-07  After  MT  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM009   27-Feb-07  After  MT  adult  male  wild  X  X    X  X  X  X  X  X 
T.v  TvM010   28-Feb-07  After  MT  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM011   28-Feb-07  After  MT  sub-adult  male  wild    X  X  X  X  X    X  X 
T.v  TvM012   07-Mar-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM013   07-Mar-07  After  LP  adult  male  wild    X  X  X  X  X  X  X  X 
T.v  TvM014   08-Mar-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM014   21-May-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM014   29-Oct-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM014   14-Feb-08  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM015   13-Mar-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X Appendix 1 
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T.v  TvM015   15-Feb-08  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM016   27-Mar-07  After  PBR  sub-adult  male  wild  X  X  X  X    X  X  X  X 
T.v  TvM017   27-Mar-07  After  PBR  adult  male  wild  X  X  X  X        X  X 
T.v  TvM018   27-Mar-07  After  PBR  adult  male  wild  X  X    X    X    X  X 
T.v  TvM019   06-May-07  After  PBR  adult  male  wild  X  X    X  X  X  X  X  X 
T.v  TvM020   07-May-07  After  PBR  adult  male  wild  X  X    X  X  X  X  X  X 
T.v  TvM021   21-May-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM022   16-Oct-07  After  PBR  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM023   18-Oct-07  After  PBR  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM024   23-Oct-07  After  MT  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM025   23-Oct-07  After  MT  adult  male  wild  X  X    X    X  X  X  X 
T.v  TvM026  23-Oct-07  After  MT  sub-adult  male  wild  X  X    X  X  X  X  X  X 
T.v  TvM027   24-Oct-07  After  MT  adult  male  wild  X  X    X  X  X  X  X  X 
T.v  TvM028   29-Oct-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM028   14-Feb-08  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM029   29-Oct-07  After  LP  adult  male  wild      X  X  X        X 
T.v  TvM030   30-Oct-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM031   30-Oct-07  After  LP  adult  male  wild  X  X    X  X  X  X  X  X 
T.v  TvM032   30-Oct-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X 
T.v  TvM033   05-Nov-07  After  LP  adult  male  wild  X  X  X  X  X  X  X  X  X Appendix 2 
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APPENDIX 2  
Details of collar types used, and the dates and durations of time over which they were deployed 
 
Possum 
ID 
Date 
Collared 
Collar Type  Supplier  Date Off 
Air 
Date 
Removed 
Weeks 
on air 
Possum status at collar removal or when off air 
PoF175   06-Jul-06  loop antenna  BioTrack    22-Nov-06  20  alive 
PoF175   22-Nov-06  loop antenna  BioTrack  08-Mar-07  15-Mar-07  15  alive 
PoF175   15-Mar-07  loop antenna  BioTrack  19-Mar-07    1  presumed alive 
PoF177   04-Jan-06  loop antenna  BioTrack  26-May-06  26-May-06  20  alive 
PoF177   26-May-06  loop antenna  BioTrack    30-Aug-06  14  alive 
PoF177   30-Aug-06  loop antenna  BioTrack  18-Dec-06    16  alive 
PoF178   04-Jan-06  loop antenna  BioTrack    26-Apr-06  16  alive 
PoF178   26-Apr-06  loop antenna  BioTrack    25-May-06  4  dead 
PoF179   04-Jan-06  loop antenna  BioTrack    18-May-06  19  alive 
PoF179   18-May-06  loop antenna  BioTrack    06-Aug-06  11  dead 
PoF180   17-May-06  loop antenna  BioTrack    07-Jul-06  7  dead 
PoF181   07-Jun-06  loop antenna  BioTrack    23-Jun-06  2  dead 
PoF182   07-Jun-06  loop antenna  BioTrack    29-Jun-06  3  dead 
PoF183   07-Jun-06  loop antenna  BioTrack    23-Oct-06  20  alive 
PoF183   24-Oct-06  loop antenna  BioTrack    03-Jan-07  10  dead 
PoF184   30-Aug-06  breakaway  BioTrack  13-Oct-06    6  alive (collar found, possum seen) 
PoF185   30-Oct-06  loop antenna  BioTrack  18-Dec-06    7  unknown 
PoF186   30-Oct-06  loop antenna  BioTrack  27-Nov-06    4  unknown 
PoF187   30-Oct-06  breakaway  BioTrack    03-Jan-07  9  alive 
PoF187   03-Jan-07  loop antenna  BioTrack    31-Jan-07  4  dead 
PoF188   05-Dec-06  loop antenna  BioTrack    18-Dec-06  2  dead 
PoF190   28-Nov-06  loop antenna  BioTrack    04-Apr-07  18  dead 
PoF191   28-Nov-06  loop antenna  BioTrack    04-Dec-06  1  dead Appendix 2 
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PoF192   28-Nov-06  loop antenna  BioTrack    31-Jan-07  9  dead 
PoF193   29-Nov-06  loop antenna  BioTrack  22-Feb-07    12  unknown 
PoF194   30-Nov-06  loop antenna  BioTrack  22-Feb-07    12  unknown 
PoF195   01-Dec-06  loop antenna  BioTrack    23-Jan-07  8  dead 
PoF197   26-Mar-07  loop antenna  BioTrack    29-May-07  9  dead 
PoF198   30-May-07  loop antenna  BioTrack    24-Jul-07  8  dead 
PoF199   03-Jul-07  loop antenna  BioTrack    03-Aug-07  4  dead 
PoF200   04-Jul-07  loop antenna  BioTrack    13-Nov-07  19  dead 
PoF201   04-Jul-07  loop antenna  BioTrack    06-Jul-07  0  dead 
PoF202   04-Jul-07  loop antenna  BioTrack    08-Jul-07  1  dead 
PoF203   06-Jul-07  loop antenna  BioTrack    22-Nov-07  20  alive 
PoF203   22-Nov-07  loop antenna  AVM        alive at end of study 
PoF204   06-Jul-07  loop antenna  BioTrack    02-Aug-07  4  dead 
PoF205   06-Jul-07  loop antenna  BioTrack    06-Oct-07  13  dead 
PoF206   08-Jul-07  loop antenna  BioTrack    22-Nov-07  20  alive 
PoF206   22-Nov-07  loop antenna  BioTrack        alive at end of study 
PoF207   08-Jul-07  loop antenna  BioTrack    22-Nov-07  20  dead 
PoF208   09-Jul-07  loop antenna  BioTrack    24-Nov-07  20  alive 
PoF208   24-Nov-07  loop antenna  AVM        alive at end of study 
PoF209   10-Jul-07  loop antenna  BioTrack    29-Sep-07  12  dead 
PoF210   10-Jul-07  loop antenna  BioTrack    21-Nov-07  19  alive 
PoF210   21-Nov-07  loop antenna  BioTrack    27-Feb-08  14  alive 
PoF210   27-Feb-08  loop antenna  AVM        alive at end of study 
PoF211   10-Jul-07  loop antenna  BioTrack  13-Sep-07    9  unknown 
PoF212   10-Jul-07  loop antenna  BioTrack    04-Oct-07  12  alive 
PoF212   04-Oct-07  loop antenna  AVM    13-Jan-08  14  dead 
PoF213   04-Aug-07  loop antenna  AVM        alive at end of study 
PoF214   04-Aug-07  loop antenna  AVM    28-Feb-08  30  alive 
PoF214   28-Feb-08  loop antenna  AVM    21-Mar-08  3  dead Appendix 2 
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PoM113   23-Apr-05  loop antenna  BioTrack    10-Sep-05  20  alive 
PoM113   10-Sep-05  loop antenna  BioTrack  31-Jan-06  16-Jun-07  20  alive 
PoM113   16-Jun-07  loop antenna  BioTrack  24-Jul-07    5  unknown 
PoM119   25-Nov-05  loop antenna  BioTrack  24-Apr-06  18-May-06  21  alive 
PoM119   18-May-06  loop antenna  BioTrack    02-Jun-06  2  dead 
PoM124   06-Jul-06  loop antenna  BioTrack    25-Oct-06  16  alive 
PoM124   25-Oct-06  loop antenna  BioTrack    13-Dec-06  7  dead 
PoM127   07-Jun-06  loop antenna  BioTrack    01-Aug-06  8  dead 
PoM128   07-Jun-06  loop antenna  BioTrack    23-Oct-06  20  alive 
PoM128   24-Oct-06  loop antenna  BioTrack    12-Nov-06  3  dead 
PoM129   07-Jun-06  loop antenna  BioTrack    24-Oct-06  20  alive 
PoM129   25-Oct-06  loop antenna  BioTrack  22-Jan-07    13  unknown 
PoM130   07-Jun-06  loop antenna  BioTrack    03-Jul-06  4  dead 
PoM131   30-Oct-06  loop antenna  BioTrack  07-Feb-07  11-May-07  14  dead by 11 May, probably alive when went off air 
PoM132   30-Oct-06  loop antenna  BioTrack    13-Mar-07  19  alive 
PoM132   13-Mar-07  loop antenna  BioTrack    26-Mar-07  2  dead 
PoM133   05-Dec-06  loop antenna  BioTrack    04-Jan-07  4  dead 
PoM134   05-Dec-06  loop antenna  BioTrack    02-Feb-07  8  dead 
PoM135   05-Dec-06  loop antenna  BioTrack    14-Dec-06  1  dead 
PoM137   28-Nov-06  breakaway  BioTrack  29-Dec-06    4  presumed alive (collar found) 
PoM138   28-Nov-06  breakaway  BioTrack    02-Jan-07  5  dead 
PoM139   28-Nov-06  loop antenna  BioTrack  18-Mar-07  05-Oct-07  16  alive 
PoM139   05-Oct-07  loop antenna  AVM        alive at end of study 
PoM140   28-Nov-06  loop antenna  BioTrack    21-Dec-06  3  alive 
PoM140   21-Dec-06  loop antenna  BioTrack    11-Apr-07  16  alive 
PoM140   11-Apr-07  loop antenna  BioTrack    11-Aug-07  17  alive 
PoM140   12-Aug-07  loop antenna  AVM    31-Jan-08  25  dead 
PoM143   29-Nov-06  loop antenna  BioTrack    12-Feb-07  11  dead 
PoM145   29-Nov-06  loop antenna  BioTrack    28-Feb-07  13  dead Appendix 2 
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PoM146   30-Nov-06  loop antenna  BioTrack    14-Feb-07  11  dead 
PoM148   28-Dec-06  loop antenna  BioTrack    12-May-07  19  alive 
PoM148   12-May-07  loop antenna  BioTrack    12-Aug-07  13  alive 
PoM148   12-Aug-07  loop antenna  AVM  12-Oct-07    9  unknown 
PoM149   22-Jan-07  loop antenna  BioTrack    31-Jan-07  1  dead 
PoM150   23-Apr-07  loop antenna  BioTrack  08-Jun-07    7  alive 
PoM151   24-Apr-07  loop antenna  BioTrack    11-May-07  2  dead 
PoM152   24-Apr-07  loop antenna  BioTrack    11-May-07  2  dead 
PoM153   24-Apr-07  loop antenna  BioTrack  09-Jun-07    7  unknown 
PoM154   30-May-07  loop antenna  BioTrack    28-Sep-07  17  dead  
PoM155   04-Jul-07  loop antenna  BioTrack    27-Nov-07  21  alive 
PoM155   27-Nov-07  loop antenna  BioTrack    28-Feb-08  13  alive 
PoM155   28-Feb-08  loop antenna  AVM        alive at end of study 
PoM156   06-Jul-07  loop antenna  BioTrack    23-Nov-07  20  alive 
PoM156   23-Nov-07  loop antenna  Biotrack    26-Feb-08  14  alive 
PoM156   26-Feb-08  loop antenna  AVM        alive at end of study 
PoM157   06-Jul-07  loop antenna  BioTrack    23-Nov-07  20  alive 
PoM157   23-Nov-07  loop antenna  AVM    29-Nov-07  1  dead 
PoM158   08-Jul-07  loop antenna  BioTrack    19-Jul-07  2  dead 
PoM159   04-Aug-07  loop antenna  AVM  17-Oct-07    11  unknown 
TvF001   24-Nov-06  loop antenna  BioTrack    02-May-07  23  dead 
TvF002   05-Dec-06  loop antenna  BioTrack        alive at end of study 
TvF003   05-Dec-06  loop antenna  BioTrack    16-Oct-07  45  alive 
TvF003   16-Oct-07  contact  Sirtrack    18-Oct-07  0  alive 
TvF003   18-Oct-07  loop antenna  BioTrack    13-Feb-08  17  alive 
TvF004   05-Dec-06  loop antenna  BioTrack  22-Feb-07  07-Jun-07  11  dead by 7 June, probably alive when went off air 
TvF005   11-Dec-06  loop antenna  BioTrack    14-Mar-07  13  dead 
TvF006   11-Dec-06  loop antenna  BioTrack    22-Oct-07  45  alive 
TvF006   22-Oct-07  contact  Sirtrack    12-Feb-08  16  alive Appendix 2 
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Possum 
ID 
Date 
Collared 
Collar Type  Supplier  Date Off 
Air 
Date 
Removed 
Weeks 
on air 
Possum status at collar removal or when off air 
TvF007   13-Dec-06  loop antenna  BioTrack    22-Oct-07  45  alive 
TvF007   22-Oct-07  contact  Sirtrack    12-Feb-08  16  alive 
TvF008   18-Dec-06  loop antenna  BioTrack    05-Nov-07  46  alive 
TvF008   05-Nov-07  breakaway  BioTrack    16-Feb-08  15  alive 
TvF013   07-Mar-07  loop antenna  BioTrack    29-Oct-07  34  alive 
TvF013   29-Oct-07  contact  Sirtrack    14-Feb-08  15  alive 
TvF014   08-Mar-07  loop antenna  BioTrack    29-Oct-07  34  alive 
TvF014   29-Oct-07  contact  Sirtrack    14-Feb-08  15  alive 
TvF015   13-Mar-07  loop antenna  BioTrack    05-Nov-07  34  alive 
TvF015   05-Nov-07  contact  Sirtrack    15-Feb-08  15  alive 
TvF016   13-Mar-07  loop antenna  BioTrack    05-Nov-07  34  alive 
TvF016   05-Nov-07  contact  Sirtrack    15-Feb-08  15  alive 
TvF033   07-Nov-07  breakaway  Biotrack    22-Dec-07  6  dead 
TvM001   30-Nov-06  loop antenna  BioTrack  29-Dec-06    4  unknown 
TvM002   01-Dec-06  loop antenna  BioTrack    25-Jul-07  34  dead 
TvM003   12-Dec-06  loop antenna  BioTrack    12-Feb-07  9  dead 
TvM004   12-Dec-06  loop antenna  BioTrack    22-Oct-07  45  alive 
TvM004   22-Oct-07  contact  Sirtrack    12-Feb-08  16  alive 
TvM005   18-Dec-06  loop antenna  BioTrack    05-Nov-07  46  alive 
TvM005   05-Nov-07  contact  Sirtrack    15-Feb-08  15  alive 
TvM012   07-Mar-07  loop antenna  BioTrack    11-May-07  9  dead 
TvM013   07-Mar-07  loop antenna  BioTrack    19-Sep-07  28  dead 
TvM014   21-May-07  breakaway  BioTrack    29-Oct-07  23  alive 
TvM014   29-Oct-07  contact  Sirtrack    14-Feb-08  15  alive 
TvM015   13-Mar-07  loop antenna  BioTrack    15-Feb-08  48  alive 
TvM021   21-May-07  loop antenna  BioTrack    20-Jun-07  4  dead 
TvM028   29-Oct-07  contact  Sirtrack    14-Feb-08  15  alive  
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APPENDIX 3 
Possum 
ID
Survival history (26 four-week periods)
Field 
site
PoF175  0000101010101010101010000000000000000000000000000000 010
PoF177  1010101010101010000000000000000000000000000000000000 100
PoF178  1011000000000000000000000000000000000000000000000000 100
PoF179  1010101100000000000000000000000000000000000000000000 100
PoF180  1010110000000000000000000000000000000000000000000000 100
PoF181  0010110000000000000000000000000000000000000000000000 010
PoF182  0010110000000000000000000000000000000000000000000000 100
PoF183  0010101010101010101100000000000000000000000000000000 010
PoF185  0000000000001010000000000000000000000000000000000000 100
PoF186  0000000000001000000000000000000000000000000000000000 100
PoF187  0000000000001010101011000000000000000000000000000000 100
PoF188  0000000000000000110000000000000000000000000000000000 001
PoF190  0000000000000010101010101100000000000000000000000000 100
PoF191  0000000000000011000000000000000000000000000000000000 100
PoF192  0000000000000010101011000000000000000000000000000000 010
PoF193  0000000000000010101000000000000000000000000000000000 010
PoF194  0000000000000010101000000000000000000000000000000000 001
PoF195  0000000000000010101100000000000000000000000000000000 001
PoF197  0000000000000000000000001010110000000000000000000000 100
PoF198  0000000000000000000000000000101011000000000000000000 010
PoF199  0000000000000000000000000000001011000000000000000000 100
PoF200  0000000000000000000000000000001010101010110000000000 001
PoF201  0000000000000000000000000000001100000000000000000000 001
PoF202  0000000000000000000000000000001100000000000000000000 001
PoF203  0000000000000000000000000000001010101010101010101010 010
PoF204  0000000000000000000000000000001011000000000000000000 010
PoF205  0000000000000000000000000000001010101100000000000000 010
PoF206  0000000000000000000000000000001010101010101010101010 010
PoF207  0000000000000000000000000000001010101010110000000000 010
PoF208  0000000000000000000000000000001010101010101010101010 100
PoF209  0000000000000000000000000000001010101100000000000000 100
 PoF210 * 0000000000000000000000000000001010101010101010101011 001
PoF211  0000000000000000000000000000001010000000000000000000 100
PoF212  0000000000000000000000000000001010101010101011000000 100
PoF213  0000000000000000000000000000000010101010101010101010 100
PoF214  0000000000000000000000000000000010101010101010101100 100
Appendix 3a Encounter histories and field site codes for 36 female
translocated P. occidentalis
* This animal died just after the end of the study so was not included in Chapter 4. It 
was included here because the survival monitoring extended two weeks beyond the 
other field work
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PoM113  0000000000000000000000000000101000000000000000000000 010
PoM119  1011000000000000000000000000000000000000000000000000 100
PoM124  0000101010101010110000000000000000000000000000000000 010
PoM127  0010101100000000000000000000000000000000000000000000 100
PoM128  0010101010101011000000000000000000000000000000000000 010
PoM129  0010101010101010100000000000000000000000000000000000 010
PoM130  0010110000000000000000000000000000000000000000000000 100
PoM131  0000000000001010101000001100000000000000000000000000 100
PoM132  0000000000001010101010110000000000000000000000000000 100
PoM133  0000000000000000101100000000000000000000000000000000 001
PoM134  0000000000000000101011000000000000000000000000000000 001
PoM135  0000000000000000110000000000000000000000000000000000 001
PoM137  0000000000000010000000000000000000000000000000000000 100
PoM138  0000000000000010101100000000000000000000000000000000 100
PoM139  0000000000000010101010000000000000001010101010101010 100
PoM140  0000000000000010101010101010101010101010101010110000 010
PoM143  0000000000000010101011000000000000000000000000000000 010
PoM145  0000000000000010101010110000000000000000000000000000 010
PoM146  0000000000000010101011000000000000000000000000000000 001
PoM148  0000000000000000101010101010101010101000000000000000 010
PoM149  0000000000000000001011000000000000000000000000000000 010
PoM150  0000000000000000000000000010000000000000000000000000 010
PoM151  0000000000000000000000000011000000000000000000000000 100
PoM152  0000000000000000000000000011000000000000000000000000 100
PoM153  0000000000000000000000000010000000000000000000000000 100
PoM154  0000000000000000000000000000101010101100000000000000 010
PoM155  0000000000000000000000000000001010101010101010101010 001
PoM156  0000000000000000000000000000001010101010101010101010 001
PoM157  0000000000000000000000000000001010101010110000000000 010
PoM158  0000000000000000000000000000001100000000000000000000 001
PoM159  0000000000000000000000000000000010101000000000000000 100
Appendix 3a cont. Encounter histories and field site codes for 31 male
translocated P. occidentalis
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Possum 
ID
1080 Age Sex Origin Season
Grass 
trees
CBP BCI WBC RBC CK/100
Connecti
vity
PoF175  0 1 0 0 1 1 15.76 0.17 5.40 5.40 18 3.81
PoF177  1 1 0 0 1 0 22.48 1.37 4.40 5.13 39 5.15
PoF178  1 1 0 0 1 0 22.48 -0.60 10.20 5.83 62 7.00
PoF179  1 1 0 0 1 0 22.48 0.48 5.28 5.49 39 8.43
PoF180  1 1 0 1 1 0 22.48 0.94 5.28 5.49 60 5.50
PoF181  0 0 0 0 1 1 15.76 -1.60 6.90 6.39 28 3.50
PoF182  1 1 0 0 1 0 22.48 2.10 6.10 5.24 27 2.50
PoF183  0 1 0 0 1 1 15.76 0.39 4.50 4.87 106 3.46
PoF185  1 1 0 1 0 0 27.24 -0.07 5.90 4.69 20 7.25
PoF186  1 1 0 1 0 0 27.24 0.28 6.60 4.76 23 3.67
PoF187  1 0 0 0 0 0 27.24 0.33 6.70 4.91 91 7.13
PoF188  1 1 0 0 0 1 34.32 -0.64 4.40 4.01 35 1.00
PoF190  1 1 0 1 0 0 22.48 -0.28 6.10 5.48 60 3.38
PoF191  1 1 0 1 0 0 22.48 0.63 5.28 5.49 60 3.79
PoF192  0 1 0 1 0 1 16.53 -0.91 5.28 5.66 136 4.00
PoF193  0 1 0 1 0 1 16.53 -0.15 4.00 5.19 35 1.00
PoF194  1 1 0 1 0 1 34.32 -0.49 8.90 5.89 111 6.00
PoF195  1 1 0 1 0 1 21.49 -0.43 4.10 5.38 69 5.00
PoF197  1 0 0 0 0 0 27.24 0.58 5.28 5.49 34 3.91
PoF198  0 1 0 1 1 1 15.76 -0.25 6.30 5.57 103 4.25
PoF199  1 1 0 1 1 0 22.48 0.88 6.80 5.76 65 2.50
PoF200  1 1 0 1 1 1 21.49 0.70 4.30 5.96 163 4.56
PoF201  1 1 0 1 1 1 34.32 1.12 4.50 5.28 119 3.79
PoF202  1 1 0 1 1 1 34.32 0.71 4.00 4.78 53 3.79
PoF203  0 1 0 1 1 1 16.53 0.84 2.90 5.36 200 2.59
PoF204  0 0 0 1 1 1 16.53 -0.39 7.50 5.66 91 2.00
PoF205  0 1 0 1 1 1 15.76 0.29 8.30 5.85 200 1.44
PoF206  0 1 0 1 1 1 16.53 0.57 4.20 6.15 99 3.76
PoF207  0 1 0 1 1 1 16.53 1.34 3.10 5.64 30 2.09
PoF208  1 1 0 1 1 0 27.24 0.26 1.70 5.05 38 3.38
PoF209  1 1 0 1 1 0 27.24 0.54 5.50 5.85 147 4.88
PoF210  1 0 0 1 1 1 21.49 -0.91 5.70 4.87 200 3.17
PoF211  1 1 0 1 1 0 22.48 0.91 5.10 5.75 33 3.71
PoF212  1 1 0 1 1 0 22.48 0.41 3.90 5.01 36 3.93
PoF213  1 1 0 1 1 0 27.24 0.04 4.90 4.07 35 5.03
PoF214  1 1 0 1 1 0 27.24 0.90 5.00 5.23 31 3.00
* See Table 5.1 for covariate descriptions and units
Appendix 3b Individual covariate values used in models investigating factors
affecting survival of 36 female translocated P. occidentalis *
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Possum 
ID
1080 Age Sex Origin Season
Grass 
trees
CBP BCI WBC RBC CK/100
Connecti
vity
PoM113  0 1 1 0 1 1 16.53 0.46 5.28 5.49 60 1.00
PoM119  1 1 1 1 1 0 22.48 -0.86 5.28 5.49 60 3.79
PoM124  0 1 1 0 1 1 15.76 2.39 7.40 6.47 19 1.33
PoM127  1 1 1 0 1 0 22.48 -0.88 4.10 5.36 20 2.80
PoM128  0 0 1 0 1 1 15.76 -0.30 4.30 6.11 25 4.30
PoM129  0 0 1 0 1 1 15.76 -0.67 4.50 6.32 27 3.08
PoM130  1 0 1 0 1 0 22.48 -0.38 6.20 5.73 27 2.67
PoM131  1 1 1 1 0 0 27.24 -0.07 6.60 4.77 25 4.17
PoM132  1 1 1 1 0 0 27.24 -1.18 4.40 5.87 14 4.89
PoM133  1 0 1 0 0 1 34.32 0.39 5.80 5.17 30 3.00
PoM134  1 0 1 0 0 1 34.32 -0.50 5.60 4.83 26 5.50
PoM135  1 0 1 0 0 1 34.32 0.29 7.00 5.19 32 3.79
PoM137  1 0 1 1 0 0 22.48 -0.71 5.28 5.49 60 4.50
PoM138  1 0 1 1 0 0 22.48 -0.07 4.60 5.81 117 3.00
PoM139  1 1 1 1 0 0 22.48 -0.08 3.80 6.59 39 4.87
PoM140  0 1 1 1 0 1 16.53 -1.38 4.60 6.24 49 3.17
PoM143  0 1 1 1 0 1 16.53 0.67 5.70 5.82 43 4.33
PoM145  0 0 1 1 0 1 16.53 0.19 6.80 5.63 39 3.60
PoM146  1 1 1 1 0 1 34.32 -0.86 4.00 5.52 76 5.00
PoM148  0 0 1 0 0 1 15.76 0.80 5.28 5.18 31 3.38
PoM149  0 1 1 0 0 1 15.76 1.22 3.50 4.81 18 4.00
PoM150  0 1 1 0 0 1 16.53 0.67 6.40 5.00 17 3.71
PoM151  1 0 1 0 0 0 22.48 0.39 4.00 5.44 31 3.67
PoM152  1 1 1 0 0 0 27.24 0.69 5.50 6.38 27 8.00
PoM153  1 1 1 0 0 0 22.48 1.38 3.20 5.69 43 3.33
PoM154  0 1 1 1 1 1 15.76 -0.46 4.70 6.18 37 1.42
PoM155  1 1 1 1 1 1 21.49 -0.21 5.70 6.42 164 2.44
PoM156  1 1 1 1 1 1 21.49 0.21 5.28 5.49 48 3.18
PoM157  0 1 1 1 1 1 15.76 0.08 6.00 6.32 38 2.14
PoM158  1 1 1 1 1 1 21.49 0.56 5.20 5.53 45 3.79
PoM159  1 1 1 1 1 0 22.48 0.56 3.30 4.94 30 2.74
* See Table 5.1 for covariate descriptions and units
Appendix 3b cont. Individual covariate values used in models investigating factors
affecting survival of 31 male translocated P. occidentalis *
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Frequency 
(summer cohort)
Frequency 
(winter cohort)
1 0
1 0
1 0
1 0
1 0
1 0
2 0
2 0
3 0
0 1
0 1
0 1
0 2
0 2
0 3
0 3
0 5
10000000000000000000000000000000000000
10101010000000000000001010101010101010
Survival history (periods 8-26)
Appendix 3c Data format of encounter histories for summer and winter releases
of two "cohorts" of P. occidentalis originating from development sites
10101010101010101010101010101010110000
10101010101100000000000000000000000000
10101010110000000000000000000000000000
11000000000000000000000000000000000000
10101000000000000000000000000000000000
10101100000000000000000000000000000000
10101011000000000000000000000000000000
00000000000000001010000000000000000000
00000000000000001010101010110000000000
00000000000000001100000000000000000000
00000000000000001010101010101010101010
00000000000000001010101010101010101011
00000000000000001010101010101011000000
00000000000000001010101100000000000000
00000000000000001011000000000000000000
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Possum 
ID
Survival history (26 four-week periods) 1080 Age Sex
Grass 
Trees
Home 
Range 
Size
Day 
Conne
ctivity
Night 
Conne
ctivity
Diff 
Rest 
Sites
PoF175 0000101010101010101010000000000000000000000000000000 0 1 0 1 -0.08 3.8 4.5 0.56
PoF177 1010101010101010000000000000000000000000000000000000 1 1 0 0 0.21 5.2 5.1 0.57
PoF179 1010101100000000000000000000000000000000000000000000 1 1 0 0 -0.86 8.4 6.0 0.25
PoF183 0010101010101010101100000000000000000000000000000000 0 1 0 1 -0.48 3.5 4.6 0.69
PoF187 0000000000001010101011000000000000000000000000000000 1 0 0 0 0.00 7.1 2.3 0.63
PoF190 0000000000000010101010101100000000000000000000000000 1 1 0 0 -0.68 3.4 3.7 0.75
PoF192 0000000000000010101011000000000000000000000000000000 0 1 0 1 0.00 4.0 3.7 0.00
PoF200 0000000000000000000000000000001010101010110000000000 1 1 0 1 0.00 4.6 4.5 0.50
PoF203 0000000000000000000000000000001010101010101010101010 0 1 0 1 -1.31 2.6 3.3 0.33
PoF205 0000000000000000000000000000001010101100000000000000 0 1 0 1 0.00 1.4 3.7 0.22
PoF206 0000000000000000000000000000001010101010101010101010 0 1 0 1 0.13 3.8 2.4 0.27
PoF207 0000000000000000000000000000001010101010110000000000 0 1 0 1 -1.07 2.1 3.0 0.22
PoF208 0000000000000000000000000000001010101010101010101010 1 1 0 0 0.92 3.4 4.0 0.50
PoF209 0000000000000000000000000000001010101100000000000000 1 1 0 0 0.00 4.9 3.7 0.56
PoF210 0000000000000000000000000000001010101010101010101011 1 0 0 1 -0.34 3.2 3.5 0.39
PoF212 0000000000000000000000000000001010101010101011000000 1 1 0 0 -1.39 3.9 4.0 0.53
PoF213 0000000000000000000000000000000010101010101010101010 1 1 0 0 0.00 5.0 4.5 0.38
PoF214 0000000000000000000000000000000010101010101010101100 1 1 0 0 -0.34 3.0 3.7 0.18
PoM124 0000101010101010110000000000000000000000000000000000 0 1 1 1 -0.59 1.3 3.6 0.45
PoM128 0010101010101011000000000000000000000000000000000000 0 0 1 1 -1.46 4.3 3.9 0.73
PoM129 0010101010101010100000000000000000000000000000000000 0 0 1 1 -0.55 3.1 4.8 0.46
PoM131 0000000000001010101000001100000000000000000000000000 1 1 1 0 0.00 4.2 2.7 0.67
PoM132 0000000000001010101010110000000000000000000000000000 1 1 1 0 1.98 4.9 4.1 0.78
PoM139 0000000000000010101010000000000000001010101010101010 1 1 1 0 0.82 4.9 3.5 0.67
PoM140 0000000000000010101010101010101010101010101010110000 0 1 1 1 1.88 3.2 3.1 0.50
PoM143 0000000000000010101011000000000000000000000000000000 0 1 1 1 0.00 4.3 3.7 0.67
PoM145 0000000000000010101010110000000000000000000000000000 0 0 1 1 0.00 3.6 4.0 0.80
PoM146 0000000000000010101011000000000000000000000000000000 1 1 1 1 0.00 5.0 5.0 0.50
PoM148 0000000000000000101010101010101010101000000000000000 0 0 1 1 0.88 3.4 4.6 0.48
PoM154 0000000000000000000000000000101010101100000000000000 0 1 1 1 -0.76 1.4 4.5 0.62
PoM155 0000000000000000000000000000001010101010101010101010 1 1 1 1 0.31 2.4 3.7 0.53
PoM156 0000000000000000000000000000001010101010101010101010 1 1 1 1 0.34 3.2 3.5 0.59
PoM157 0000000000000000000000000000001010101010110000000000 0 1 1 1 0.00 2.1 3.7 0.64
TvF001 0000000000000010101010101011000000000000000000000000 1 1 0 0 1.94 1.9 3.3 0.20
TvF002 0000000000000000101010101010101010101010101010101010 1 1 0 1 -0.60 4.5 3.8 0.15
TvF003 0000000000000000101010101010101010101010101010000000 1 1 0 1 0.59 3.6 2.3 0.46
TvF005 0000000000000000101010110000000000000000000000000000 0 1 0 1 0.00 3.8 2.5 0.40
TvF006 0000000000000000101010101010101010101010101010000000 0 0 0 1 0.78 3.4 6.0 0.52
TvF007 0000000000000000101010101010101010101010101010000000 0 1 0 1 0.47 3.9 4.0 0.40
TvF008 0000000000000000101010101010101010101010101010000000 1 1 0 0 -1.07 2.0 3.1 0.04
TvF013 0000000000000000000000101010101010101010101010000000 1 1 0 0 -1.03 1.7 2.6 0.12
TvF014 0000000000000000000000101010101010101010101010000000 1 1 0 0 -0.34 2.2 3.0 0.27
TvF015 0000000000000000000000101010101010101010101010000000 1 0 0 0 -0.05 1.0 3.4 0.17
TvF016 0000000000000000000000101010101010101010101010000000 1 1 0 0 -0.15 1.0 3.6 0.08
TvM002 0000000000000010101010101010101011000000000000000000 1 1 1 1 0.25 2.7 3.7 0.53
TvM004 0000000000000000101010101010101010101010101010000000 0 1 1 1 1.01 2.9 3.7 0.38
TvM005 0000000000000000101010101010101010101010101010000000 1 1 1 0 -1.33 2.0 4.0 0.10
TvM013 0000000000000000000000101010101010101100000000000000 1 1 1 0 1.22 2.1 2.1 0.19
TvM014 0000000000000000000000101010101010101010101010000000 1 1 1 0 0.20 2.9 2.5 0.53
TvM015 0000000000000000000000101010101010101010101010000000 1 1 1 0 1.66 4.0 2.8 0.25
TvM028 0000000000000000000000000000000000000010101010000000 1 1 1 0 -0.01 3.3 4.3 0.50
Appendix 3d Encounter histories and covariate values for 33 translocated P. occidentalis which survived long
enough to establish home ranges, and 18 T. vulpecula from within the translocation field sites. Home range size
was log transformed and standardised (missing values = 0). The other covariates were as described in Table 5.1
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